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indicates that n-butanol has the potential to overcome the drawbacks brought by low-carbon alcohols or 
biodiesel. Then, the development of butanol production is reviewed and various methods for increasing 


aa les fermentative butanol production are introduced in detailed, i.e. metabolic engineering of the Clostridia, 
Raa advanced fermentation technique. The most costive part of the fermentation is the substrate, so meth- 
Fermentative production ods involved in renewed substrates are also mentioned. Next, the applications of butanol as a biofuel are 
Gasoline summarized from three aspects: (1) fundamental combustion experiments in some well-defined burning 
Diesel fuel reactors; (2) a substitute for gasoline in spark ignition engine; (3) a substitute for diesel fuel in compres- 


sion ignition engine. These studies demonstrate that butanol, as a potential second generation biofuel, 
is a better alternative for the gasoline or diesel fuel, from the viewpoints of combustion characteristics, 
engine performance, and exhaust emissions. However, butanol has not been intensively studied when 
compared to ethanol or biodiesel, for which considerable numbers of reports are available. Finally, some 
challenges and future research directions are outlined in the last section of this review. 
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1. Introduction 


Biofuels are receiving increasing public and scientific attention, 
driven by factors such as uncertainties related to oil price, green- 
house gas emission, and the need for increased energy security and 
diversity. Biofuels are a wide range of fuels which are in some 
way derived from biomass [1]. It is reported that fossil fuels - 
oil, coal, and natural gas - dominated the world energy economy, 
covering more than 80% of the total primary energy supply [2]. 
Renewable energy sources accounted for 9.8% of the world’s total 
primary energy supply in 2007, as shown in Table 1. Even for the 
9.8% renewable energy, approximately two-thirds of biomass was 
used for cooking and heating because of its widespread noncom- 
mercial use in developing countries. The remaining one-third of 
biomass energy was utilized both in industrial applications within 
the heat, power, and road transportation sectors and for heating 
purposes in the private sector in industrialized countries. Actually, 
only about 2% in total global transport consumption was from the 
biofuels produced from biomass. Therefore, there is a large poten- 
tial for the biofuels in the transportation and some other energy 
supply area. 

The share of biofuels in the automotive fuel market is expected 
to grow rapidly in the next decade. In the USA, the environment pro- 
tection agency renewable fuel standard version 2 (EPA-RFS2) and 
the Californial low-carbon fuel standard are driving the US market. 
The EPA-RFS2 requires that 36 billion gallons (136 billion liter) of 
renewable fuel should be available in the US market by 2022 [3]. 
For the transport sector of the European Union, 10% transportation 
fuel from biofuel is targeted by 2020 [4]. In addition, biofuels also 
have great potential in some other countries, such as Brazil, China, 
etc. in the next 10 years [5,6]. 


Table 1 

Fuel shares of world total primary energy supply [2]. 
Source of energy Energy Share 
Coal 26.5% 
Oil 34% 
Natural gas 20.9% 
Nuclear 5.9% 
Hydropower 2.2% 
Combustible renewables and waste 9.8% 
Others 0.7% 
Total 100% 


* Other includes geothermal, solar, wind, heat, etc. 


For the transportation vehicles, various biofuels have been 
researched or applied, such as biodiesel, bioDME, biomethanol, 
bioethanol, biobutanol, etc. All these biofuels can be derived from 
renewable feedstock as opposed to from fossil feedstock in the case 
of gasoline or diesel fuels. One widely used biofuel is biodiesel, 
which is defined as the mono-alkyl esters of long chain fatty 
acids derived from renewable feedstock, such as vegetable oil, 
animal fats, algae, etc. Biodiesel, considered as a possible sub- 
stitute of conventional diesel fuel, usually consists of fatty acid 
methyl/ethyl esters, obtained from triglycerides by transesterifi- 
cation with methanol/ethanol respectively [7-10]. Biodiesel has 
many similar properties like the diesel fuel and it can blend with 
convention diesel in any proportion. Many researchers like Qin 
et al. [11,12], Huang et al. [13], Fang and Lee [14,15], Qi et al. [16], 
Bhale et al. [17] have reported that power output of biodiesel was 
almost identical to that of diesel, and the soot, carbon monoxide 
(CO), carbon dioxide (CO) and total hydrocarbon (THC) emissions 
are reduced in biodiesel and its blends, because of its oxygen con- 
tent which leads to more complete combustion. However, the NOx 
emission is reported to be in the range between +10% as compared 
to diesel depending on engines combustion characteristics [8]. In 
addition, biodiesel also has many other advantages in comparison 
to diesel fuel, such as non-toxic, easy degradation, more safe due to 
higher flash point, more clean combustion, 90% reduction in can- 
cer risks, lower polycyclic aromatic hydrocarbon (PAH) and nitro 
PAH compounds emissions. However, there are still some disadvan- 
tages, such as difficulty in storage due to an easier degeneration, the 
decline of flow characteristics at low fuel temperatures, and more 
expensive due to less production. 

The other widely used biofuels are bioalcohols. Alcohols, mainly 
ethanol and to a much lesser extent methanol, which are consid- 
ered as alternative fuels for internal combustion engines [18-23]. 
Ethanol is a biomass-based renewable fuel that can be produced by 
alcoholic fermentation of sugar from vegetable materials, such as 
corn, sugar cane, sugar beets, barley, sweet sorghum, and agricul- 
tural residues [23-25], but methanol is mainly produced from coal 
or petrol based fuels. Therefore, ethanol is superior to methanol due 
to its renewability and is widely used as an additive or alternative 
fuel in many countries, such as the United States, Brazil, China, etc. 
However, there are also several critical issues that need to be con- 
sidered with the use of ethanol as an engine fuel [25-28]. Ethanol 
is corrosive to the existing pipelines through general corrosion, dry 
corrosion and wet corrosion. General corrosion is caused by ionic 
impurities, mainly chloride ions and acetic acid. Dry corrosion is 
attributed to the ethanol molecule and its polarity. Some metals, 
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Table 2 
Molecular structure and main application of butanol isomers. 


Butanol isomers Molecular structure and sketch map 


Main application 


“—S-™ on 


1-Butanol 


2-Butanol OH 


iso-Butanol 


tert-Butanol 


RP 


Solvents - for paints, resins, dyes, etc. 

Plasticizers - improve a plastic material processes 

Chemical intermediate - for butyl esters or butyl ethers, etc. 
Cosmetics - including eye makeup, lipsticks, etc. 

Gasoline additive 


Solvent 

Chemical intermediate - for butanone, etc. 
Industrial cleaners - paint removers 
Perfumes or in artificial flavors 


Solvent and additive for paint 
Gasoline additive 

Industrial cleaners - paint removers 
Ink ingredient 


Solvent 

Denaturant for ethanol 

Industrial cleaners - paint removers 

Gasoline additive for octane booster and oxygenate 
Intermediate for MTBE, ETBE, TBHP, etc. 


such as magnesium, lead and aluminum are susceptible to chemi- 
cal attack by dry ethanol. Wet corrosion is caused by the ethanol to 
absorb moisture from the atmosphere, which oxidizes most met- 
als. And it may tend to be more corrosive as it passes through the 
fuel injection system. Further, non-metallic components have also 
been affected by ethanol with particular reference to elastomeric 
components. Detailed effects of corrosiveness have been reviewed 
by Hansen et al. [23]. Ethanol has much lower flash point than the 
diesel fuel and has higher vapor formation potential in confined 
spaces, thus requiring extra caution in its usage. Some surfactants 
or cosolvents must be used in order to ensure solubility of ethanol 
and diesel fuel. 

A very competitive biofuel for use in engines is butanol. Like 
ethanol, butanol is a biomass-based renewable fuel that can be 
produced by alcoholic fermentation of the biomass feedstocks 
[25,29-31]. Butanol has a 4-carbon structure and is amore complex 
alcohol than methanol and ethanol that only has 1 and 2-carbon 
structure respectively. Butanol, like ethanol, can blend with gaso- 
line very well. Furthermore, butanol could be a future option for 
blending with diesel. Butanol contains more oxygen content com- 
pared with the biodiesel, leading to further reduction of soot. NOx 
emissions can also be reduced due to its higher heat of evaporation, 
which results in a lower combustion temperature [32]. Therefore, 
the butanol has more advantages than the widely used ethanol 
and biodiesel. However, the main disadvantage of butanol is its 
quite low production. Compared butanol yield by acetone butanol 
ethanol (ABE) fermentation to that of the yeast ethanol fermenta- 
tion process, the yeast process yields of ethanol has a 10-30 times 
higher production rate. This becomes very clear why ethanol was 
chosen as an alternative fuel source over butanol during the oil 
crisis in the 1970s and 1980s. However, with the development of 
butanol fermentative process, a higher butanol production rate has 
become possible, explaining the increasing studies on it in recent 
years. 

In this review, the properties of butanol are compared with 
those of the conventional gasoline, diesel fuel, and some widely 
used biofuels, i.e. methanol, ethanol, biodiesel. Then, the develop- 


ment of butanol production is reviewed and various methods for 
increasing the production of butanol are introduced in detailed. 
Next, the applications of butanol as a biofuel are summarized from 
three aspects. First, the fundamental combustion experiments in 
some burning reactors are reviewed, including the progress in the 
chemical kinetics. Second, the applications of butanol in SI engines, 
including the studies on cooperative fuel research engines. Third, 
the applications of butanol in CI engines, including the studies 
on properties of butanol—-diesel blends and some new combus- 
tion technologies, i.e. homogeneous charge compression ignition 
(HCCI), low temperature combustion (LTC). Finally, some chal- 
lenges and future research directions are outlined in this paper. 


2. Properties of butanol and butanol isomers 
2.1. Properties of butanol isomers 


Alcohols are defined by the presence of a hydroxyl group (—OH) 
attached to one of the carbon atoms. Butanol has a 4-carbon struc- 
ture and the carbon atoms can form either a straight-chain or a 
branched structure, resulting in different properties. There exist 
different isomers, based on the location of the -OH and carbon chain 
structure. The molecular structure and the main applications of 
butanol isomers are listed in Table 2. 1-butanol, also better known 
as n-butanol, has a straight-chain structure with the -OH at the 
terminal carbon. 2-butanol, also known as sec-butanol, is also a 
straight-chain alcohol but with the OH group at an internal carbon. 
Iso-butanol is a branched isomer with the OH group at the termi- 
nal carbon and tert-butanol refers to the branched isomer with the 
OH group at an internal carbon. The different structures of butanol 
isomers have a direct impact on the physical properties, which are 
summarized in Table 3. Although the properties of butanol isomers 
are different in octane number, boiling point, viscosity, etc., the 
main applications are similar in some aspects, such as being used as 
solvents, industrial cleaners, or gasoline additives. All these butanol 
isomers can be produced from fossil fuels by different methods. But 
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Table 3 
Comparison of butanol isomers [33]. 
1-butanol 2-butanol Tert-butanol Iso-butanol 

Density (kg/m?) 809.8 806.3 788.7 801.8 
Research octane number 96 101 105 113 
Motor octane number 78 32 89 94 
Boiling temperature (°C) 117.7 99.5 82.4 108 
Enthalpy of vaporization (kJ/kg) at Tpoil 582 551 527 566 
Self-ignition temperature (°C) 343 406.1 477.8 415.6 
Flammability limits vol.% 1.4-11.2 1.7-9.8 2.4-8 1.2-10.9 
Viscosity (mPas) at 25°C 2.544 3.096 = 4.312 


butanol produced from biomass usually assumes a straight-chain 
molecule structure, n-butanol, which will be reviewed in this paper. 


2.2. Advantageous and disadvantageous properties of n-butanol 


The physical and chemical properties of gasoline, diesel fuels, 
methanol, ethanol, n-butanol are listed in Table 4. These prop- 
erties indicate that n-butanol has the potential to overcome the 
drawbacks brought by the low-carbon alcohols. 


(1) Higher heating value. Typically the low heating value of alcohol 
rises with increased carbon atom number. n-Butanol is a four 
carbon alcohol, doubling the carbon of ethanol and containing 
25% more energy. Therefore, the fuel consumption will reduce 
and a better mileage can be obtained. 

(2) Lower volatility. The volatility (saturation pressure) of alco- 
hols decreases with the increase of carbon atom number. This 
means that n-butanol will have less tendency towards cavita- 
tion and vapor lock problem, which can eliminate the need for 
very special blends during the summer and winter months as 
the gasoline. 

(3) Less ignition problems. As the heat of vaporization of butanol is 
less than half of that of ethanol, an engine running on butanol 
should be easier to start in cold weather than one running on 
ethanol or methanol. In addition, the autoignition temperature 
of the n-butanol is lower than ethanol or methanol, which also 
results in less ignition problems at cold start or low load condi- 
tions. 

(4) Intersolubility. Alcohol molecules contain alkyl and hydroxyl, 
the more carbon an alcohol molecule contains, the easier the 
alcohol can be blended into diesel fuel. n-Butanol has very good 
intersolubility with diesel without any cosolvents and it can 
also blend with gasoline very well. 

(5) Higher viscosity. The viscosity of alcohols increases with longer 
carbon chains. For this reason, butanol is used as an alternative 
to shorter alcohols when a more viscous solvent is desired. The 
kinematic viscosity of butanol is several times higher than that 


of gasoline and is about the same level as that of diesel fuel, so it 
will not cause potential wear problems in sensitive fuel pump 
designs in diesel engines due to insufficient lubricity. 

(6) More safer. As butanol has a very low vapor pressure point 
and a high flash point, it is a much safer fuel to use in high 
temperatures. 

(7) Easier distribution. Butanol better tolerates water contamina- 
tion and is less corrosive than ethanol therefore it is more 
suitable for distribution through existing pipelines, whereas 
ethanol must be transported via rail, barge or truck. In blends 
with diesel or gasoline, butanol is less likely to separate from the 
base fuel than ethanol if the fuel is contaminated with water. 
This facilitates storage and distribution of blended fuels. 

(8) A longer term benefit for hydrogen. Reformed butanol has four 
more hydrogen atoms than ethanol, resulting in a higher energy 
output (10 watt h/g versus 8 for ethanol) when it is used in the 
fuel cell. In addition, hydrogen generated during the butanol 
fermentation process is easily recovered, increasing the energy 
yield of a bushel of corn by an additional 18% over the energy 
yield of ethanol produced from the same quantity of corn. 


n-Butanol can be produced from biomass (as “biobutanol”) as 
well as from fossil fuels (as “petro-butanol”), but biobutanol and 
petro-butanol have the same chemical properties. For biobutanol, it 
has a number of synergies with bioethanol as following [23,36,37]: 


e Biobutanol is produced from the same agricultural feedstocks as 
ethanol (i.e. corn, wheat, sugar beet, sorghum, cassava and sug- 
arcane). 

e Existing ethanol capacity can be cost-effectively retrofitted to 
biobutanol production (minor changes in fermentation and dis- 
tillation). 

e There is a vapor pressure co-blend synergy with biobutanol and 
gasoline containing ethanol, which facilitates ethanol blending. 

e Offers biomass producers and the biofuel converters the option 
of upgrading to a higher value bio-molecule. It is also compatible 
with and facilitates the introduction of ethanol into the fuel pool. 


Table 4 
Specification of alcohols and conventional fossil fuels [34,35]. 
Gasoline Diesel Methanol Ethanol n-Butanol 

Molecular formula C4-C12 C12-C25 CH30H C2H50H C4H 90H 
Cetane number 0-10 40-55 3 8 25 
Octane number 80-99 20-30 111 108 96 
Oxygen content (% weight) - - 50 34.8 21.6 
Density (g/mL) at 20°C 0.72-0.78 0.82-0.86 0.796 0.790 0.808 
Autoignition temperature (°C) ~300 ~210 470 434 385 
Flash point (°C) at closed cup —45 to —38 65-88 12 8 35 
Lower heating value (MJ/kg) 42.7 42.5 19.9 26.8 33.1 
Boiling point (°C) 25-215 180-370 64.5 78.4 117.7 
Stoichiometric ratio 14.7 14.3 6.49 9.02 11.21 
Latent heating (kJ/kg) at 25°C 380-500 270 1109 904 582 
Flammability limits (%vol.) 0.6-8 1.5-7.6 6.0-36.5 4.3-19 1.4-11.2 
Saturation pressure (kPa) at 38°C 31.01 1.86 31.69 13.8 227 
Viscosity (mm?/s) at 40°C 0.4-0.8 (20°C) 1.9-4.1 0.59 1.08 2.63 
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e Like ethanol, butanol will also assist in the conversion of veg- 
etable oils into biodiesel. 


Although the n-butanol has more benefits than the low-carbon 
alcohols as an engine fuel, there are still some potential issues with 
the direct use of butanol in the engine. These potential issues are 
shown as follows: 


e To match the engine performance, the utilization of butanol fuel 
as a substitute for gasoline or diesel engines requires fuel-flow 
increases. Although butanol has a higher energy than ethanol or 
methanol, its heating value is still lower than the conventional 
gasoline or diesel fuel. 

Alcohol-based fuels are not compatible with some fuel system 
components, and alcohol fuels may cause erroneous gas gauge 
readings in vehicles with capacitance fuel level gauging. 

While ethanol and methanol have lower energy densities than 
butanol, their higher octane number allows for greater compres- 
sion ratio and efficiency. Higher combustion engine efficiency 
allows for less greenhouse gas emissions per unit motive energy 
extracted. 

n-Butanol has a higher viscosity than ethanol and methanol, 
which will not result in lubricity and potential wear problems 
in sensitive fuel pump designs in diesel engines. However, a 
higher viscosity will incur a potential aggradation or corrosive- 
ness problem when using the blends of gasoline and n-butanol in 
SI engines. 


3. Progress in the production of n-butanol 
3.1. The history of n-butanol production 


The discovery of n-butanol as a regular constituent of fusel oil 
was achieved by Wirtz in 1852. Ten years later, 1862, Pasteur, 
from his experiments, concluded that butyl alcohol was a direct 
product of anaerobic conversion of lactic acid and calcium lactate. 
Between 1876 and 1910, several scholars researched the produc- 
tion of acetone-butanol and related solvents [38]. Production of 
industrial butanol and acetone, via ABE (acetone, butanol, ethanol) 
fermentation started in 1912-1916 [39,40], which is one of the old- 
est known industrial fermentations. It was ranked second only to 
ethanol fermentation by yeast in its scale of production, and is one 
of the largest biotechnological processes ever known. Fig. 1 shows 
a scheme of the respective production pathway through ABE [41]. 
There are three major classes of products during fermentation: (i) 
solvents (acetone, ethanol and butanol); (ii) organic acids (acetic 
acid, lactic acid and butyric acid); (iii) gases (carbon dioxide, and 
hydrogen). The biosyntheses of acetone, butanol and ethanol share 
the same metabolic pathway from glucose to acetyl coenzyme A 
(acetyl-CoA) but branches into different pathways thereafter. All 
n-butanol is biobutanol due to the fermentations production meth- 
ods. 

Since the 1950s ABE fermentation declined continuously, and 
almost all butanol was produced via petrochemical routes, so it 
is called petro-butanol. The production of butanol by fermenta- 
tion declined mainly because the price of petrochemicals dropped 
below that of starch and sugar substrates such as corn and molasses. 
Therefore, butanol production from fossil fuel became more popu- 
lar and sealed the fate of ABE fermentation during this stage. Fig. 2 
shows the chemical pathway for the n-butanol production, and the 
original material is propylene [42]. 

In the 1970s, the oil crisis gave a rise to the development of bio- 
fuels. At that time, the primary focus for alternative fuels was on 
ethanol. People were familiar with its production and did not real- 
ize that dehydration (a very energy consuming step) was necessary 


ATP ae NADH 
eer 


co 
Acetyl-CoA 2 
Acetylphosphate 477 Acetaldehyde 
Acetate a7 Acetyl-CoA m” Ethanol 
ATP Acet 1-CoA 
waa am estoncetate 
y NP Acetone 
3-Hydroxybutyryl-CoA 
i H,O 
Crotonyl-CoA 
y 2[H] 
But -CoA 
Butyrylphosphate “~ vy >™ Butyraldehyde 
Butyrate NADH >» Butanol 
ATP NADH 


Fig. 1. Fermentation pathway of the butanol employed by C. acetobutylicum [41]. 


in order to blend ethanol with fossil fuels. Nor did we realize the dif- 
ficulty of distribution of ethanol since ethanol cannot be transferred 
through the existing pipeline infrastructures in any practical con- 
centration without corrosion and damage to rubber seals. Although 
ethanol is a lower power grade alcohol with corrosive, hard to 
purify, very evaporative, and dangerously explosive characteristics, 
a higher production of ethanol leads to its primary application as 
a biofuel. The ABE process uses bacteria to produce a 6:3:1 ratio 
of butanol, acetone and ethanol. That is, for each bushel of corn 
you would garner 1.3 gallons of butanol, 0.7 gallons of acetone and 
0.13 gallons of ethanol with concentrations of 1-2%. However, if 
compare ABE yield to that of the yeast ethanol fermentation pro- 
cess, the yeast process yields 2.5 gallons of ethanol from a bushel 
of corn, with concentrations of 10-15%. As a result it becomes very 
clear why ethanol was chosen as an alternative fuel source over 
butanol in the 1970s and 1980s. 

For the past 30 years the energy-intensive ethanol process still 
has not solved our fuel, power or clean air requirements. Cur- 
rently in response to the rising cost of petrochemicals and pollution, 
industries are reexamining fermentation as a source of butanol 
in many countries. In addition, any front-end (material handling) 


N\A 
Propylene 
H2 + CO 
2 Rh or Co catalyst 
On 
aoa + A 
“So Pie 
n-Butanal lsobutanal 
(major) (minor) 
H2 Ni catalyst | 
HO. 
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n-Butanol ENS 
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Fig. 2. Chemical pathway for n-buatnol production [42]. 
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Table 5 


Recent patens of microbial strains and fermentation processes for butanol production. 


Patent no. Patent title Butanol titer Main inventor and the year 
of publication 
US4777135 Methods for producing butanol by fermentation 22.8 g/L Husted GR, 1988 
US20026358717 Methods of producing butanol using a mutant strain of C. beijerickil 20.6 g/L Blaschek H, 2002 
US20050089979 Process for continuous solvent production 251.3 g/L Ezeji TC, 2005 
US20070020740 Blocking sporulation by inhibiting SPOIE 153 mmol/L Bennett GN, 2007 
W0O2007041269 Fermentative production of four carbon alcohols 0.01-0.8 mmol/L Donaldson GK, 2007 
W0O2008052991 Butanol production in a eukaryotic cell 0.015-0.02 g/L Madeleine RL, 2008 
US20080182308 Fermentative production of four carbon alcohols 0.01-1.03 mM Donaldson GK, 2008 
W0O2008072920 Method for preparing butanol through butylryl-CoA as an 0.018 g/L Papoutsakis ET, 2008 
intermediate using bacteria 
US20090162911 Strain for butanol production 0.04 mmol/L Larossa RA, 2009 
US20100205857 Butanol production in a eukaryotic cell 30g/L Dijk E, 2010 
W0O2010000649 Method for the combined production of butanol and hydrogen 160 mmol/L Classen P, 2010 


technology that is applicable to present sugars to an ethanol facil- 
ity can be used by a butanol biorefinery with a small modification 
to the fermentation parlor. As a result many countries or big oil 
company pay more attention to the n-butanol again. 


3.2. Current butanol productions in the world 


3.2.1. Current butanol productions situation 

As the largest players in the area of advanced biofuels, BP and 
DuPont announced their partnership to develop and commercial- 
ize biobutanol in 2006, and presented plans to produce 30,000t 
butanol per year in a modified ethanol facility of British Sugar in the 
UK. Test results from BP and DuPont in 2008 showed that the use of 
biobutanol can increase the blending of biofuels in gasoline beyond 
the current 10% limit for ethanol without compromising perfor- 
mance [43]. There are a number of biotechnology companies, such 
as Butyl Fuel, Cathay Industrial Biotech, Cobalt Biofuels, Green Bio- 
logics, Metabolic Explorer, Tetravitae Bioscience, and others around 
the world dedicated to providing strains and process solutions for 
ABE fermentation for industrial customers. Various inventions also 
have been reported for the biological production of butanol, main- 
taining its competitiveness in efficiency, economy, and production 
scale. Some patented inventions and relevant research achieve- 
ments about the microbial strains and fermentation processes for 
the enhanced production of biobutanol were reviewed in Table 5. 
Other patents review on the butanol production can be found in 
Kharkwal et al. [44]. 


3.2.2. General aspects of biobutanol production 
3.2.2.1. Microorganisms. Butanol (acetone, ethanol, and iso- 
propanol) are naturally formed by a number of clostridia. In 
addition, clostridia are rod-shaped, spore-forming Gram positive 
bacteria and typically strict anaerobes [45]. A typical feature of 
the clostridial solvent production is biphasic fermentation. The 
first phase is the acidogenic phase, during which the acids forming 
pathways are activated, and acetate, butyrate, hydrogen, and 
carbondioxide are produced as major products. This acidogenic 
phase usually occurs during the exponential growth phase. The 
second phase is the solventogenic phase during which acids are 
reassimilated and used in the production of acetone, butanol and 
ethanol (or isopropanol instead of acetone in some Clostridium bei- 
jerinckii strains). The transition from acidogenic to solventogenic 
phase is the result of a dramatic change in gene expression pattern. 
Solventogenesisis closely coupled to sporulation [46]. The tran- 
scription factor responsible for initiation of sporulation (Spo0A) 
also initiates solvent production. SpoOA deletion mutants are 
severely deficient in solvent production and fails to septate, while 
strains with amplified SpoOA overexpress solventogenic genes but 
fail to produce more solvent due to an accelerated sporulation pro- 
cess [47]. Thus selective utilization of positive effect of SpoOA on 


solvent formation is required for enhanced solvent production. For 
this purpose, it is recommended that Spo0A should be evolved to 
a solventogenic gene activating regulator without the sporulation 
activating function [48]. 


3.2.2.2. Fermentation. Recent advances in butanol fermentation 
including upstream and downstream processing were evaluated 
by Ezeji et al. [49]. The use of excess carbon under nitrogen limi- 
tation is required to achieve high levels of solvent production. Iron 
is an important mineral supplement since the conversion of pyru- 
vate to acetyl-CoA involves a ferredoxin oxidoreductase iron-sulfur 
protein. The pH of the medium is very important to the biphasic 
acetone-butanol fermentation [50]. 

Economic analysis demonstrated that the fermentation sub- 
strate was one of the most important factors that influenced the 
price of butanol [51]. Since the cost of the fermentation substrate 
has the greatest influence on the price of butanol, some renew- 
able and economically feasible substrates were investigated in 
the butanol fermentation production. The substrates considered 
for acetone—butanol production includes starch-based packaging 
materials [52], corn fiber hydrolysate [53], soy molasses [54], fruit 
processing industry waste [52], and whey permeate [55]. The 
total solvents produced from these alternative renewable resources 
ranged from 14.8 to 30.1 g/L [49]. 


3.2.2.3. Solvent toxicity. One of the most critical problems in ABE 
fermentation is solvent toxicity. Clostridial cellular metabolism 
ceases in the presence of 20g/L or more solvents [56]. This limits 
the concentration of carbon substrate that can be used for fermen- 
tation resulting in low final solvent concentration and productivity. 
The lipophilic solvent butanol is more toxic than others as it dis- 
rupts the phospholipid components of the cell membrane causing 
an increase in membrane fluidity [57]. Also, butanol is the only sol- 
vent produced to the level that becomes toxic to the cells during 
the fermentation of clostridia [58]. 


3.3. Improvements in butanol production 


Three major factors determine the economic competitiveness 
of the biotechnological butanol production: substrate costs, low 
product yields versus solvent toxicity, and costs for downstream 
processing. The valuable improvements of butanol production 
will be reviewed from these aspects: metabolic engineering of 
Clostridium acetobutylicum, approaches for improving fermenta- 
tion process and butanol recovery technology, economic substrates 
application for butanol fermentation. 


3.3.1. Metabolic engineering of C. acetobutylicum 
The objectives of metabolic engineering for butanol producing 
clostridia include enhancing butanol production with respect to 
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Table 6 

Fermentation performance of metabolically engineering C. acetobutylicum strains. 
Up-regulated Down-regulated Acetone (g/L) Butanol (g/L) Ethanol (g/L)  Totalsolvent B% Comment References 
Control 4.5 95 0.74 14.7 65% 50% higher yield (g/L) of solvents [73] 
Adc, ctfAB - 8.7 13 1.4 23.1 56% On glucose 
Control 3.8 5.5 0.7 16.4 34% B% is increased [63] 
adhE - 4.2 8.7 1.9 14.8 59% 
- pSOL1 0 0 0 0 N/AB AdhE is responsible for ABE [74] 
adhE pSOL1 (0) 6.2 0.4 6.6 93% production 
Control 4.6 9.7 0.5 14.8 66% Butyryl-P level is critical for butanol [75] 
- pta 42 9.9 0.6 14.7 67% production 
- buk 2.3 10.8 0.7 13.8 78% 
Control 3.8 5.5 0.7 10.0 55% Improed yields of solvent [65,76] 
- solR 8.1 17.8 1.0 26.9 66% High butanol concentration achieved 
- buk 44 16.7 2.6 23.7 70% [77] 
adhE buk 3.8 16.7 45 25 67% 
Control 5 11.7 0.73 17.4 67% Controlling regulator of solvent [78] 
- solR 5.6 14.6 44 24.6 59% producing genes 
adhE solR 8.2 17.6 2.1 27.9 63% High butanol production achieved 
Control 44 10.4 0.2 15 69% Highest ethanol production/as RNA [79] 
adhE - 1.4 10 8.8 20.2 50% regulation 
- ctfB 0.3 1.2 0.2 1.7 71% 
Wild-type 3 11 1.1 15.1 73% Solvent tolerate strain [80] 
Control 6 13 1.1 20.1 65% 
groESL - 8 17 1.1 26.1 65% 
Control 2.83 13.6 2.7 19.13 71% Increase the butanol ratio of [81] 
- adc 0.21 7.4 1.66 9.27 80% C.acetobutylicum by adc disruption 


final concentration and productivity, increasing butanol (solvent) 
tolerance, extending substrate utilization range, increasing butanol 
yield on carbon source, and selective production of butanol instead 
of mixed acids/solvents production. 

The first genes encoding solventogenic enzymes from C. aceto- 
butylicum were cloned and sequenced in 1990 [59-61 ]. Meanwhile, 
the complete genome sequence has been determined. Several 
examples of metabolic engineering of C. acetobutylicum have been 
reported over the years. 
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The first successful metabolic engineering example was the 
amplification of the acetone formation pathway in C. aceto- 
butylicum. As shown in Fig. 3, the acetone producing pathway is 
coupled with that leading to the formation of the precursor of 
butanol, butyryl-CoA, from butyrate. In the fermentation of recom- 
binant C. acetobutylicum with amplified adc (encoding acetoacetate 
decarboxylase) and ctfAB (encoding CoA transferase) genes, the 
acetone-forming enzymes became active earlier, which led to ear- 
lier induction of acetone formation. This resulted in increased final 
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Fig. 3. Metabolic pathways in C. acetobutylicum [48]. 
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concentrations of acetone, butanol, and ethanol by 95%, 37%, and 
90%, respectively, compared to its parental strain [62]. 

The strain lacking pSOL1 but expressing the AdhE gene was 
found to produce butanol and ethanol [63]. As shown in Fig. 3, 
AdhE is responsible for the formation of both acetaldehyde and 
butyraldehyde. However, the effect of its overexpression on sol- 
vent formation appears to depend on the physiological state of the 
cell. When the control strain produces less than 10 g/L of butanol, 
the adhE gene overexpression results in increased butanol produc- 
tion. On the other hand, when the control strain produces more 
than 10g/L of butanol, overexpression of the adhE gene leads to 
production of more ethanol than butanol. 

Further studies were carried out to understand the regulation 
involved in solvent formation by characterizing the fermentation 
performance of the solR (encoding the regulator of solvent pro- 
duction genes) mutant strain [64]. SoIR was suggested to be a 
putative DNA binding transcriptional repressor that negatively 
regulates solventogenic metabolism [65]. Thus, SolR is induced 
in acidogenesis and suppressed in solventogenesis. In the solR 
inactivated strain, the expression of the solventogenic genes is 
induced earlier and maintained throughout the solventogenic 
phase. However, Thormann et al. [66] reported that the afore- 
mentioned result was incorrect because the DNA clone used to 
complement the phenotype of the solR knock-out also contained 
the binding site of a regulator, possibly SpoOA or another reg- 
ulator, which affected the sol operon expression by a regulator 
titration mechanism [67]. They suggested that SpoOA, rather than 
SolR, is a putative regulator of the sol operon. Further studies are 
needed to clarify the detailed control mechanism of solventogen- 
esis. Nonetheless, removing the solR gene region (which contains 
the putative SpoOA binding motif) allowed enhanced butanol pro- 
duction. 

Desai and Papoutsakis [68] examined the effectiveness of anti- 
sense RNA (asRNA) in reducing the activities of butyrate forming 
enzymes in C. acetobutylicum. They designed buk and ptb two differ- 
ent asRNAs, and the result showed the potential of asRNA for the 
strain improvement through the fine-tuning of gene expression. 
While the strain transformed with the buk asRNA produced 50% 
and 35% higher final concentrations of acetone and butanol, respec- 
tively, the strain transformed with the ptb-asRNA exhibited 96% 
and 75% lower final acetone and butanol concentrations, respec- 
tively. The results obtained with the strain transformed with the 
buk-asRNA were similar to those obtained with the buk-inactivated 
strain (PJC4BK), which showed 65-75% lower butyrate-formation 
flux yet produced more solvents than the wild-type strain, as 
mentioned above. Continued work with the asRNA approach 
revealed that CoA transferase, rather than acetoacetatede carboxy- 
lase, is the rate-limiting enzyme in the acetone formation pathway 
[69]. 

The solvent tolerance and stress response of C. acetobutylicum 
involves the overexpression of many genes including molecu- 
lar pumps, chaperones (e.g., groES, dnaKJ, hsp18, and hsp90), and 
genes involved in sporulation, fatty acid synthesis and transcrip- 
tional regulators [70]. Genomic library screening has been used to 
identify individual genes capable of improving solvent tolerance 
[71]. In general, targeting transcriptional regulators may be the 
most efficient strategy to realize complex phenotypes that requires 
intensive reprogramming of the cellular metabolism. As illustrated 
by Alper et al. [72] for ethanol tolerance in yeast, this may be 
realized by altering global transcription regulators. Finally, some 
important research results were reviewed in Table 6. 


3.3.2. Approaches for improving fermentation process 

3.3.2.1. Advanced fermentation technologies. Initial studies employ- 
ing C. beijerinckii BA101 were performed in batch reactors ranging 
in size from 1 to 10 LL using cracked corn, cornstarch, maltodextrin, 


and glucose. Under batch operation conditions, the culture was able 
to produce 18-33 g/L ABE in 72 h of fermentation using glucose or 
starch as the substrate, the productivity was 0.25-0.46 g/L/h. Pro- 
ductivity in batch reactors is often low due to downtime, long lag 
phase, and product inhibition. This problem can be eliminated using 
fed-batch techniques or continuous culture with the application of 
novel product removal techniques [49]. 

Another reason for low reactor productivity is the low con- 
centration of cells in the bioreactor. In a batch reactor, cell 
concentration over 3 g/L is rarely achieved. Therefore, reactor pro- 
ductivity can be improved by increasing the cell concentration in 
the reactor. An increased cell concentration can be achieved by 
fixing cells onto supports or gel particles. Another option can be 
choosed is the application of a membrane that returns cells to the 
reactor while the aqueous solution containing the product perme- 
ates the membrane. The following sections describe the fed-batch 
and continuous fermentation for butanol production. 

3.3.2.1.1. Fed-batch and continuous fermentation. Fed-batch 
fermentation is an industrial technique applied to processes where 
a high substrate concentration is toxic to the culture. In such cases, 
the reactor is initiated in a batch mode with a low substrate concen- 
tration (non inhibitory to the culture) and a low medium volume. 
As the substrate is used by the culture, it is replaced by adding 
a concentrated substrate solution at a slow rate thereby keeping 
the substrate concentration in the fermentor below the toxic level 
for the culture. The culture is harvested when the liquid volume 
is approximately 75% of the volume of the reactor. Since butanol 
is toxic to C. acetobutylicum or C. beijerinckii cells, the fed-batch 
fermentation technique cannot be applied unless one of the novel 
product recovery techniques is applied for simultaneous separation 
of product. This process was employed for butanol fermentation 
using C. beijerinckii where a glucose solution containing 500 g/L 
glucose was fed and product was recovered by gas stripping or 
pervaporation, which has been reviewed by Ezeji et al. [82]. 

The continuous culture technique can be used to improve reac- 
tor productivity and to study the physiology of the culture in a 
steady state. In such systems, the reactor is initiated in a batch 
mode and cell growth is allowed until the cells are in the expo- 
nential phase. While the cells are in the exponential phase, the 
reactor is fed continuously with the medium and a product stream 
is withdrawn at the same flow rate as the feed, thus keeping a 
constant volume in the reactor. This technique of butanol pro- 
duction by C. beijerinckii BA101 was investigated by Formanek 
et al., and resulted in a productivity rate of 1.74g/L/h [83]. Ina 
single-stage continuous system, high reactor productivity may be 
obtained, but this occurs at the expense of low product concentra- 
tion when compared to that achieved in a batch process. Because 
of the fluctuating solvent level and the complexity of butanol fer- 
mentation, the use of a single-stage continuous reactor does not 
yet seem practical on an industrial scale. Two or more multistage 
continuous fermentation systems have been investigated to reduce 
fluctuation and increase solvent concentration in the product 
stream [84]. 

3.3.2.1.2. Immobilized cell continuous reactors. High cell con- 
centrations result in high reactor productivity. Such systems are 
continuous where feed is introduced into a tubular reactor at 
the bottom with product escaping at the top. These systems are 
often non-mixing reactors where product inhibition is significantly 
reduced. To improve the reactor productivity, C. beijerinckii cells 
were immobilized onto clay brick particles by adsorption and 
achieved reactor productivity on the order of 15.8 g/L/h [85]. In 
these scaled-up reactors, productivity 40-50 times greater than 
that obtained in batch reactors was achieved. This result sug- 
gests that immobilized cell continuous reactors could be used 
to achieve higher reactor productivity which leads to economic 
advantage. 
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3.3.2.1.3. Membrane cell recycle reactors. Membrane cell recy- 
cle reactors are another option for improving reactor productivity. 
In such systems, the reactor is initiated in a batch mode and 
cell growth is allowed. Before reaching the stationary phase, the 
fermentation broth is circulated through the membrane. The mem- 
brane allows the aqueous product solution to pass while retaining 
the cells. The reactor feed and product (permeate) removal are con- 
tinuous and a constant volume is maintained in the reactor. In 
such cell recycle systems, cell concentrations of over 100 g/L can 
be achieved, and reactor productivity on the order of 6.5 g/L/h has 
been achieved in this system. Although superior membranes have 
been developed, fouling of the membrane with the fermentation 
broth remains a major obstacle [49]. 


3.3.2.2. Butanol recovery technology. High product recovery cost 
is another problem in biological butanol production. Besides the 
traditional distillation process, several other processes including 
pervaporation, adsorption, liquid-liquid extraction, gas stripping, 
and reverse osmosis have been developed to improve recovery 
performance and reduce costs [82]. The traditional recovery pro- 
cess employing distillation suffers from a high operation cost due 
to the low concentration of butanol in the fermentation broth. To 
solve this problem and the solvent toxicity problem at the same 
time, in situ recovery systems have been employed. From an eco- 
nomic point of view, reverse osmosis is most preferable. However, 
it has disadvantages of membrane clogging or fouling. In contrast, 
liquid-liquid extraction has high capacity and selectivity, although 
it can be expensive toper form. Thus, there are advantages and 
disadvantages of using each recovery system, which need to be 
thoroughly examined. 

3.3.2.2.1. Gas stripping. Gas stripping is a simple technique 
for recovering butanol (acetone or ethanol) from the fermenta- 
tion broth, as illustrated in Fig. 4(a) [86]. Either nitrogen or the 
fermentation gases (CO2 and H2) are bubbled through the fer- 
mentation broth followed by passing the gas (or gases) through 
a condenser. As the gas is bubbled through the fermentor, it cap- 
tures the solvents (butanol or ABE). The solvents then condense in 
the condenser and are collected in a receiver. Once the solvents 
are condensed, the gas is recycled back to the fermentor to cap- 
ture more solvents. This process continues until all the sugar in 
the fermentor is utilized by the culture. Gas stripping has been 
applied to a batch reactor to recover solvents from the fermen- 
tation broth of C. beijerinckii BA101 [87]. A 161.7 g/L sugar solution 
was successfully fermented and 75.9 g/L total solvent produced in 
the integrated process. Fed-batch fermentation was also integrated 


with gas stripping to reduce substrate inhibition and increase cell 
mass [88]. In this system, 500 g glucose was consumed and 233 g 
solvent was produced with the productivity of 1.16 g/L/h and the 
yield of 0.47 g/g [48]. 

3.3.2.2.2. Liquid-liquid extraction. Liquid-liquid extraction is 
another technique that can be used to remove solvents (acetone, 
butanol, ethanol) from the fermentation broth. In this process, an 
extraction solvent is mixed with the fermentation broth. Butanol, 
acetone, and ethanol are extracted into the extraction solvent and 
recovered by back extraction into another extraction solvent or by 
distillation. Some of the requirements for extractive butanol fer- 
mentation are summarized in Qureshi and Blaschek [88]. 

Common extractants employed include decanol and oleyl alco- 
hol. Liquid-liquid extraction has critical problems, however, such 
as the toxicity of the extractant to the cell and emulsion formation. 
These problems can be overcome if the fermentation broth and the 
extractant are separated by a membrane that provides surface area 
for butanol exchange between the two immiscible phases; this is 
termed “Perstraction”, as illustrated in Fig. 4(b) [89]. The fermenta- 
tion broth was circulated through the membrane and the bacteria 
were returned to the fermentor while the permeate was extracted 
with decanol to remove the butanol. This system achieved a produc- 
tivity rate of 3.08 g/L/h. In cell recycle systems without extraction, 
productivity as high as 6.5 g/L [83]. 

3.3.2.2.3. Pervaporation. Pervaporation is a membrane-based 
process that allows selective removal of volatile compounds from 
fermentation broth, as illustrated in Fig. 4(c). The membrane is 
placed in contact with the fermentation broth and the volatile liq- 
uids or solvents diffuse through the membrane as a vapor which 
is recovered by condensation. Both liquid and solid pervapora- 
tion membranes have been used. The selectivity of this liquid 
membrane was better than that of a silicon rubber membrane. 
When pervaporation using an oleyl alcohol liquid membrane was 
employed for the pretreatment of butanol purification, the energy 
requirement was just one-tenth of that of conventional distil- 
lation. To develop a stable membrane having a high degree of 
selectivity, Qureshi et al. [90] synthesized a silicon-silicalite mem- 
brane which showed a 2.2-fold improvement in selectivity. Using 
this membrane in an integrated batch-pervaporation process with 
C. beijerinckii BA101, a 2-fold increase in the total solvent con- 
centration (from 24.2 g/L in control batch to 51.5g/L in batch 
pervaporation) was achieved. The pervaporation condition did not 
affect the growth of C. beijerinckii BA101. Since the membrane per- 
meate contains acetone, butanol, and ethanol, distillation is still 
required for further purification. Pervaporation was also applied to 
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Fig. 4. Integrated systems for fermentation and in situ solvent recovery: fermentation coupled with (a) gas stripping, (b) liquid-liquid extraction (perstraction), (c) perva- 


poration [48]. 
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Table 7 
Production of butanol from different substrates using C. beijerinckii. 


Fermentation substrates 


Fermentation parameters Glucose Cornstarch Maltodextrins Soy molasses Agricultural waste Packaging peanuts Wheatbran Corn fiber DDGC 
Acetone (g/L) 43 7.7 6.8 4.2 4.8 57 2.2 NC 2.7 
Butanol (g/L) 19.6 15.8 18.6 18.3 9.8 15.7 8.8 NC 8.3 
Ethanol (g/L) 0.3 12 0.7 0.3 0.2 0.3 0.8 NC 0.5 
Total ABE (g/L) 24.2 24.7 26.1 22.8 14.8 27 11.8 20.4 11.5 
ABE productivity (g/L h) 0.34 0.34 0.37 0.19 0.22 0.20 0.16 0.20 0.16 
Reference [94] [95] [96] [97] [95] [95] [98] [99] [100] 


a fed-batch reactor resulting in increased solvent productivity from 
0.35 (batch reactor) to 0.98 g/L/h (fed-batch reactor) due to the 
reduction in product inhibition [80,81]. Recently, the overall sol- 
vent productivity in continuous fermentation of C. acetobutylicum 
was increased up to 2.34 g/L/h by integrating with a pervaporation 
system using an ionic liquid polydimethylsiloxane ultrafiltration 
membrane [91]. 

Some other recovery techniques based on the membranes are 
also tested in reference [92,93]. Reverse osmosis is another recov- 
ery technique that relies on membranes. It is necessary to remove 
the suspended vegetative organisms using a hollow-fiber ultra fil- 
ter before the reverse osmosis is carried out. After the pretreatment, 
reverse osmosis starts to dewater the fermentation liquor by reject- 
ing solvents but allowing water to pass through the membrane. 
Consequently, the products are concentrated, and the volume of 
liquid to be distilled is dramatically reduced [93]. 

It should be emphasized that the recovery and purification pro- 
cesses are directly affected by the performance of fermentation, 
which in turn is affected by the strain characteristics. For example, 
when astrain is metabolically engineered to produce butanol with- 
out or much less acetone and ethanol, the purification process will 
be considerably simplified. When the butanol tolerance of a strain 
is increased by metabolic engineering, this will also facilitate the 
recovery process as higher butanol concentration can be achieved 
during the fermentation. Thus, the overall process needs to be opti- 
mized from strain development to fermentation to downstream 
processes. This will lead to the reduction in overall production 
costs. 


3.3.3. Using of non-food biomass to improve the butanol 
production 

As aforementioned, bioalcohol fuel is one of the main biofuels 
currently used as a petroleum-substitute in transport applica- 
tions. However, conflicts over food supply and land use have 
made its production and utilization a controversial topic. Second 
generation bioalcohol production which based on bio-chemical 
conversion of non-food lignocellulose, offers some potential 
advantages over existing, energy-intensive bioethanol production 
processes. 

A hyperamylolytic C. beijerinckii BA101 has an enhanced capa- 
bility to utilize starch and accumulate higher concentrations of 
butanol (17-21 g/L) in the fermentation medium [84]. In addition 
to the use of corn, liquefied corn meal and corn steep liquor (a by- 
product of corn wet milling process that contains nutrients leached 
out of corn during soaking) were also tested for acetone—butanol 
production. In the batch process with recovery, 60 g/L of liquefied 
corn meal and corn steep liquor yielded ca. 26 g/L of solvent. Since 
the cost of the fermentation substrate has the greatest influence on 
the price of butanol, some other renewable and economically feasi- 
ble substrates such as starch-based packaging materials, corn fiber 
hydrolysate, soy molasses, fruit processing industry waste, and 
whey permeate were investigated for butanol fermentation. The 
total solvents produced from these alternative renewable resources 
ranged from 14.8 to 30.1 g/L [49]. Among the total polysaccharides, 


researchers focus on celluloses and hemicelluloses which are the 
most abundantly renewable and available resources on the planet. 
A number of cabohydrates have been used for butanol production 
when using C. beijerinckii BA101 in batch fermentation, the detail 
data is shown in Table 7. 

Wheat bran, a by-product of the wheat milling industry, con- 
sists mainly of hemicellulose, starch and protein. The wheat bran 
hydrolysate by dilute sulfuric acid contained 53.1 g/L total reducing 
sugars, including 21.3 g/L of glucose, 17.4 g/L of xylose and 10.6 g/L 
of arabinose [98]. 

A potential industrial substrate liquefied corn starch (LCS) has 
been employed for successful acetone butanol ethanol (ABE) pro- 
duction. Fermentation of LCS (60 g/L) in a batch process resulted in 
the production of 18.4 g/L ABE, comparable to glucose: yeast extract 
based medium (control experiment, 18.6 g/L ABE). A batch fermen- 
tation of LCS integrated with product recovery resulted in 92% 
utilization of sugars present in the feed. When ABE was recovered 
by gas stripping (to relieve inhibition) from the fed-batch reactor 
fed with saccharified liquefied cornstarch (SLCS), 81.3 g/L ABE was 
produced compared to 18.6 g/L (control). In this integrated system, 
225.8 g/L SLCS sugar (487% of control) was consumed. A combi- 
nation of fermentation of this novel substrate (LCS) to butanol 
together with product recovery by gas stripping may economically 
benefit this fermentation [101]. Unfortunately, during acid hydrol- 
ysis of the corm fiber, a complex mixture of microbial inhibitors 
is generated, e.g. hydroxymethyl furfural (HMF), and acetic, fer- 
ulic, glucuronic, p-coumaric acids, etc. However, Ezeji demonstrate 
in the paper that 0.3 g/L p-coumaric and ferulic acids were intro- 
duced into the fermentation medium, growth and ABE production 
by C. beijerinckii BA101 decreased significantly. Furfural and HMF 
are not inhibitory to C. beijerinckii BA101; rather they have stimula- 
tory effect on the growth of the microorganism and ABE production 
[99]. 

To our knowledge, the ABE plants in Russia were the only full 
scale industrial plants that used hydrolyzates of lignocellosic waste 
for butanol fermentation. A biorefinery concept for the use of all by- 
products has been elaborated and was partially put into practice. 
The experience gained in the Russia forms a promising basis for the 
development of modern large scale processes to replace a consid- 
erable fraction of the current chemical production of fuel for our 
future needs on a sustainable basis. As the process shown in Fig. 5, 
during ABE production, about 50% (w/w) of the fermented sugars 
were converted to the gases CO2 and H2, and 33-39% to solvents. 
At the end of an average fermentation, the broth contained 6.4g 
acetone, 10.0 g butanol, and 1.5 g ethanol per liter. The mass flow 
of the Evremovo plant in Russia can be calculated approximately as 
below: about 40.5 t of starch equivalents, about 90.0t of flour dry 
weight, partially substituted by molasses and hydrolyzed per year 
were sterilized in 80.0t of liquid substrate and fermented to 15.0t 
of solvents containing 4.14 t acetone, 8.55 t butanol, 2.31 t ethanol, 
and to 8.7 million m? hydrogen gas, and 13.1 million m? carbon 
dioxide. The fermentation broth was used for the production of 
11 million m? biogas (containing methane gas) and an unknown 
amount of vitamin B12 [102]. 
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3.4, Efforts on Escherichia coli and Saccharomyces cerevisiae as 
alternative hosts for biobutanol synthesis 


Though the biobutanol production by clostridia fermentation is 
up to 20g/L in batch fermentation, clostridia are not ideal because 
of the relative lack of genetic tools to manipulate their metabolism, 
their slow growth, their intolerance to butanol above 1-2% and 
oxygen, and their production of butyrate, acetone and ethanol as 
by-products. Considering the rapidly expanding genomic infor- 
mation, molecular biology techniques, and high-throughput tools, 
metabolic engineers have made significant progress in constructing 
non-native organisms for the production of fuel-grade compounds 
beyond the scope of what native organisms can produce. A num- 
ber of different organisms such as S. cerevisiae, E. coli and algae are 
being studied for biobutanol production. 

Among these organisms, E. coli is now the most mature genetic 
tool as it grows quickly and genetic tools for its modification are 
well developed [103,104]. Over the last few years, many scientists 
have been involved in this work. Atsumi and Liao inserted the genes 
(thl, hbd, crt, bcd, etfAB and adhE2) coding the six enzymes of the 
butanol synthetic pathway of clostridia into E. coli. Under an aerobic 
condition, 139 mg/L of butanol was finally produced [103]. In the 
same way, Inui et al. inserted different combinations of the genes 
(thiL, hbd, crt, bcd-etfB-etfA, and adhel or adhe) into E. coli. Under 
an aerobic condition, the E. coli stains BUT1 with adhe1 and BUT2 
with adhe were shown to produce 296 mg/L and 1184 mg/L butanol, 
respectively [105]. Though the titer is lower than clostridia, it still 
showed the feasibility to get a high butanol production using E. coli 
as a host. In addition, Atsumi et al. presented a metabolic engi- 
neering approach using E. coli to produce higher alcohols including 
butanol. This strategy uses the host’s highly active amino acid 
biosynthetic pathway and diverts its 2-ketoacid intermediates for 
alcohol synthesis. Although the production is still low, the strat- 
egy described above opens up an unexplored frontier for biofuels 
production, both in E. coli and in other microorganisms [93]. 

As another non-native butanol producer, S. cerevisiae has inher- 
ent tolerance to solvents with widespread use for industrial 


production of ethanol, and the ability to withstand oxygen, unlike 
clostridia, it has the ability to withstand oxygen, therefore it might 
become an ideal host for industrial butanol production. In Steen’s 
research group at the University of California, Berkeley, after related 
enzymes were genetic modified, the best combination achieved 
was a butanol titer is around 2.5 mg/L [106]. 

On the other aspect, an emerging rise in investment from petro- 
chemical majors and governments for projects in Asia, Europe and 
the Americas aims at extracting sugars from seaweed for biobu- 
tanol. Algae-biobutanol is regarded as a promising direction for 
biobutanol production [107]. 


3.5. Summary and future directions 


In this section, the production of n-butanol was overviewed. 
The history and current production of butanol were introduced and 
the methods for improving the biobutanol production were also 
discussed. 

Butanol from biomass is a better renewable fuel than ethanol 
in terms of replacing gasoline in the near future. Clostridia can 
secrete numerous enzymes that facilitate the breakdown of poly- 
metic carbohydrates into monomers for biobutanol production. 
Genetic modification is a viable method to improve the solvent 
production and butanol production ratio. In order to construct an 
engineered bacterium, the following four methods maybe applied: 
inserting or knocking out/down the genes coding critical enzymes, 
regulating some genes to enhance the strain’s solvent tolerance, 
inserting some enzyme genes from other bacteria to improve the 
ability to breakdown cheaper substrate and performing genetic 
modification to restrict or delay the sporulation. 

Compared to the strain development, the development of fer- 
mentation processes has been explored extensively, but further 
improvement is still need. Development of new fermentation and 
recovery processes based on the metabolically engineered strain 
will be essential for a bio-based butanol process to become eco- 
nomically feasible. 
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In addition, one of the most critical factor affecting not only 
butanol production but the whole bioindustry is securing low price 
substrates for the processes. To compete with the conventional fos- 
sil resource-based chemical industry, the biotechnology industry 
needs a reliable, cost-effective raw materials infrastructure. Envi- 
ronmental impacts and sustainability are also important issues. 

In the future, much improvement is still needed to make a 
biobutanol process economically competitive. The next steps for 
improving efficiency and productivity in the production of bio- 
solvents by C. acetobutylicum will probably continue depending 
on a two-pronged approach that involves genetics (biological 
strain development) and upstream and downstream manipulations 
(advanced fermentation technologies). Availability of genomic 
information for C. acetobutylicum will enable examination of global 
gene expression during the transition from acidogenesis to sol- 
ventogenesis. A more complete understanding of gene expression 
will enable the development of improved second generation strains 
with improved utility for fermentation. 

The ABE process using integrated gas stripping for the pro- 
duction of butanol has dramatically increased the efficiency and 
productivity of fermentation-based butanol production to the point 
that this process is expected to become competitive with petro- 
chemically derived butanol. Given that additional upstream and 
downstream advances will continue, ABE fermentation has a bright 
future for the production of biosolvents from renewable resources. 
Continued advances in upstream and downstream processes will 
result in improved efficiency of bio-based solvent production. Effi- 
cient production of biosolvents will have a positive environmental 
impact and allow for the use of low value corn dry milling prod- 
ucts and coproducts [cornstarch, distillers dry grain solids (DDGS)], 
thereby adding value to this process. 


4. Progress in applications of n-butanol as a biofuel 


As aforementioned, n-butanol has the potential to overcome the 
drawbacks brought by low-carbon alcohols, and many new meth- 
ods have increased the production of n-butanol. On the other hand, 
some factors, such as uncertain oil price, greenhouse gas emission, 
and the need for increased energy security and diversity, promote 
the development of biofuels. Thus, investigations of n-butanol as an 
alternative biofuel have been conducted by several research groups 
recently, in which butanol has been blended with either gasoline 
or diesel fuel for engine application, or has been studied on some 
fundamental burning reactors. 


4.1, Fundamental combustion experiments and chemical kinetics 


In fundamental combustion experiments of n-butanol, the lam- 
inar burning velocity was measured, and the intermediate species 
formed in premixed combustion or diffusion combustion were 
studied. The chemical kinetic model of n-butanol was devel- 
oped using these experiments as validation data. These predictive 
models can provide a better understanding of the combustion char- 
acteristics of n-butanol and explain their difference from petroleum 
derived materials or other biofuels. 


4.1.1. Studies of fundamental combustion in some burning 
reactors 

An early study on a static reactor reported that the pyroly- 
sis of n-butanol is initiated by fission at the C3H7-CH2OH bond 
to produce the n-propyl radical and hydroxymethyl radical. The 
hydroxymethyl radical further decomposes to formaldehyde and a 
hydrogen radical, while the n-propyl radical decomposes to ethy- 
lene and a methyl radical [108]. In another study, Roberts measured 
the burning velocities of n-butanol using shadowgraph images of 
the flame cone [109]. The results indicated that the maximum 
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Fig. 6. Laminar burning velocities of butanol/air mixtures as the temperature is 
350K and the pressure is 0.89 atm [114]. 


burning velocity of n-butanol is similar to that of n-propanol and 
isopentyl alcohol (approx. 46 cm/s). 

Recently, McEnally and Pfefferle measured temperature and 
species in atmospheric pressure coflowing laminar non-premixed 
methane flames doped with one of four isomers of butanol 
(including n-butanol) [110]. They concluded that unimolecular dis- 
sociation dominates over H-atom abstraction. This consisted of 
C-C fission followed by f-scission of the resulting radicals. Yang 
et al. [111] investigated low-pressure laminar premixed flames 
fueled by one of four isomers of butanol (including n-butanol) 
using synchrotron radiation photoionisation and molecular beam 
mass spectrometry to identify transient and stable species. Their 
results, although not quantitative, are extremely valuable from the 
viewpoint of mechanism construction. Dagaut et al. [112] reported 
new experimental data obtained in a jet stirred reactor (JSR) for 
the oxidation of n-butanol at 1013.25 kPa, equivalence ratios span- 
ning 0.5-2.0, and the temperature ranging 800-1150 K. The authors 
also presented a novel chemical kinetic mechanism that provided 
good overall agreement with the experimental data. The vali- 
dated mechanism indicates that H-abstraction reactions are the 
main consumption pathway for n-butanol in the JSR at 10 atm. 
Dagaut and Togbé [113] studied the oxidation of butanol—-gasoline 
surrogate mixtures (85-15 vol.%) in a JSR at 10 atm, equivalence 
ratios spanning 0.3-2.0, and temperatures ranging from 770 to 
1270K. The surrogate mixture comprised of iso-octane, toluene, 
1-hexene and n-butanol. A novel chemical kinetic mechanism 
was derived using mechanisms for each pure component in the 
butanol-gasoline surrogate mixture, and it was shown to provide 
good agreement with the experimental data. Similar to the afore- 
mentioned JSR study of pure n-butanol, the mechanism indicates 
that H-abstraction reactions are the main consumption pathways 
for the butanol-gasoline surrogate fuel. Sarathy et al. [114] pre- 
sented new experimental data for n-butanol in three experimental 
configurations. Their experimental results indicated laminar burn- 
ing velocity increases between @=0.8 and 1.1, which corresponds 
to amaximum burning velocity of 47.7 cm/s, and then decreases at 
higher equivalence ratios, as shown in Fig. 6. The proposed model 
verified by the JSR and opposed-flow diffusion flame indicated that 
H-abstraction is the major pathway for n-butanol consumption, 
followed by f-scission of the resulting fuel radicals. Moss et al. 
[115] studied the autoignition of the four isomers of butanol in 
a shock tube at temperatures and pressures ranging from 1200 to 
1800 K and 1-4 bar. A detailed kinetic mechanism was developed 
to describe the oxidation of the butanol isomers and was validated 
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by comparison to the shock tube measurements. Results indicated 
that the consumption of n-butanol takes place primarily by H-atom 
abstraction resulting in the formation of radicals. Black et al. [116] 
measured the autoignition delay time at equivalence ratios of 0.5, 1 
and 2 for n-buatnol at reflected shock pressures of 1, 2.6 and 8 atm at 
temperatures from 1100 to 1800K. Results showed H-abstraction 
to be the principal route of consumption of butanol, and abstraction 
from the a position dominates, followed by the y, £ and ô posi- 
tions, while abstraction from the hydroxyl group is of much lesser 
importance. By comparison, unimolecular decomposition accounts 
for only 25% of butanol consumption. Gu et al. [117] investigated 
the laminar burning velocities of n-butanol-air premixed mixtures 
by using the spherically expanding flame at different initial pres- 
sures (1-2.5 bar) and temperatures (413-473 K) over a wide range 
of equivalence ratios (0.8-1.6). They found that the laminar burning 
velocities decrease with the increase of initial pressure, while the 
laminar burning velocities increase as initial temperature increases. 
The flame thickness is decreased remarkably with the increase of 
initial pressure. 


4.1.2. Summary and future directions in fundamental combustion 

It can be concluded from aforementioned review that the 
consumption of n-butanol includes two pathways. One is that 
unimolecular dissociation dominates over H-atom abstraction. 
The other is that H-abstraction is the major pathway for n- 
butanol consumption. These findings are different because of 
differences in experimental setups. Barnard suggested that fis- 
sion at the C3H7-CH20H bond to produce the n-propyl radical 
and hydroxymethyl radical was dominant [108]. Barnard’s find- 
ings are consistent with what one would expect from a pyrolysis 
study where oxygen is absent, hence unimolecular dissociation 
dominates. McEnally and Pfefferle studied coflowing laminar non- 
premixed methane flames doped with n-butanol, and concluded 
that unimolecular dissociation dominated over H-atom abstraction 
[110]. Their findings are logical since it applies to a doped coflow 
flame in the centerline region, where the temperatures are very 
high (>1300K), the fuel concentration is at a maximum, and the 
concentrations of radical species is at a minimum. It is not clear 
if the proposed unimolecular decomposition mechanism would 
dominate in coflow flames of pure n-butanol (i.e. undoped flames). 
H-abstraction dominates in the experimental configurations pre- 
sented herein due to the autoignition processes [111-116]. The 
JSR and shock tube are premixed apparatus so there is a rapid 
formation of radical species, which accounts for H-atom abstrac- 
tion reactions being dominant. H-atom abstraction dominates in 
the opposed-flow diffusion flame because radical species generated 
near the flame front are able to diffuse into the fuel stream to con- 
sume the fuel. Unimolecular decomposition is not significant even 
at regions where radical species concentrations are small because 
the temperature of the fuel stream is low at these points. 

Studies on the fundamental combustion of the n-butanol are 
summarized in Table 8. The burning velocity of the n-butanol has 
been reported by several groups because it is one of the key parame- 
ters that determine the propagation and stabilization of premixed 
flames. Meantime, the premixed and non-premixed flames have 
been studied in a wide temperature range, from 530 to 1800K, 
covering the low temperature oxidation and high temperature oxi- 
dation, the ambient pressures spanning 1-10 atm, and the fuel-air 
equivalence ratios ranging from 0.25 to 2.0. In addition, the detailed 
chemical kinetics mechanism of n-butanol has been proposed and 
validated by some research groups. However, some studies on the 
fundamental combustion of the n-butanol are still needed in several 
aspects as suggested by the following: 

For a diesel engine operating condition, the ambient pressure 
can reach 40 atm as the autoignition occurs and the equivalence 
ratio in some rich zones can exceed 3. Therefore, there is a need for 


validating models in a higher equivalence ratio, i.e. above 3 and in 
a higher ambient pressure to mimic a real diesel engine condition. 

As summarized in Table 8, only a simple diesel fuel surrogate (n- 
heptane) and a gasoline surrogate (iso-octane, toluene, 1-hexene) 
were studied by Dagaut and Togbé [113,118] to develop the chem- 
ical kinetics mechanism of the butanol-gasoline or butanol-diesel 
blends. Accordingly, there is a need for more experimental studies 
and chemical kinetic models of the butanol blends. Furthermore, 
the surrogate of gasoline or diesel fuel should be more compli- 
cated and more similar to the real fuel, i.e. adding cycloalkanes and 
aromatics for a diesel surrogate. 

Some researches on spray, combustion, and emissions of n- 
butanol are needed in some optical engines, rapid compression 
machine (RCM), constant volume chamber (CVC), etc., to mimic 
a more real spray and combustion processes in gasoline or diesel 
engines. And these studies are also very important to the computa- 
tional fluid dynamics (CFD) development in spray and combustion 
process. Only a few studies on the n-butanol are carried out in these 
conditions, which will be reviewed in Sections 4.2.2 and 4.3.3. 


4.2. A substitute for gasoline in SI engines 


As aforementioned, butanol is less likely to separate from the 
blend fuel than ethanol if the fuel is contaminated with water. This 
facilitates storage and distribution of blended fuels. Butanol dou- 
bles the carbon of ethanol and contains 25% more energy, therefore 
the fuel consumption rate will be lower for butanol than for ethanol. 
It can be used alone in an internal combustion engine, or it can be 
mixed with gasoline without modification. Because of these advan- 
tages, there has been increasing number of studies on butanol in SI 
engines or in cooperative fuel research (CFR) engines. 


4.2.1. Studies of n-butanol in the cooperative fuel research (CFR) 
engines 

Investigations of n-butanol in CFR engines have been conducted 
by several research groups. Yacoub et al. [121] performed several 
studies on application of straight-chain alcohols C;—-C; (methanol 
to pentanol) as fuels blended with gasoline in the CFR engine at 
1000rpm, stoichiometric ratio. The engine operating conditions 
were optimized for each blend with two different values of matched 
oxygen mass content (2.5% and 5.0%), corresponding to 11% and 
22% volume content for the n-butanol. Their studies showed that 
n-butanol was more prone to generate combustion knock than 
unleaded test gasoline (UTG) with RON =96. All alcohol—-gasoline 
blends showed reduction in CO emissions, and THC emissions 
were also reduced at optimized operating conditions. However, all 
blends had a higher unburned alcohol emission than gasoline, and 
the unburned alcohol emission was higher for blends with higher 
content of alcohol. Aldehyde emissions were higher for all blends 
with formaldehyde as the main constituent, and the NO, emis- 
sions may increase or decrease depending on different operating 
conditions. 

Another research in the CFR engine was conducted by Gautam 
and Martin [122,123] using six alcohol-gasoline blends at 900 rpm 
and stoichiometric ratio. Each blend contained 90 vol.% gasoline 
(UTG-96) and 10 vol.% alcohol. The alcohol component used in the 
blend included methanol, ethanol, propanol, butanol and pentanol, 
and the concentrations of individual alcohols in the mixture were 
varied. Results showed the higher the oxygen content in the blend, 
the higher the knock resistance and the faster the flame speed. 
Emissions tests at maximum power operating condition showed 
that the brake specific emissions were significantly lower for the 
higher alcohol content than for neat gasoline (16-20% lower CO, 
18-23% lower CO2, 5-11% lower NOx, and 17-23% lower organic 
material hydrocarbon equivalent). This is because the blends have 
greater resistance to knock and allowed higher compression ratios, 
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Studies on the fundamental combustion of the n-butanol. 
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Fuel Experimental apparatus Ambient Ambient pressure Fuel-air equivalence Chemical kinetic model 
temperature ratio 
n-Butanol 100% [110] A burner generated - 1 bar - No chemical kinetic model was 
coflowing laminar proposed 
non-premixed flames 
n-Butanol 100% [111] A flat-flame burner 2200 K (flame 4kPa (gas pressure) 1.71 (fuel-oxygen No chemical kinetic model was 
generated a low-pressure temperature) equivalence ratio) proposed, but species in 
laminar premixed flame n-butanol flame were 
identified by using synchrotron 
radiation photoionisation and 
molecular beam mass 
spectrometry 
n-Butanol 100% [112] JSR generated a full 800-1150K 10atm 0.5-2.0 A novel detailed chemical 
premixed flame kinetic mechanism was 
proposed, and it can predict 
the combustion species getting 
from gas chromatographs very 
well 
Mixtures of n-butanol JSR generated a full 770-1270 K 10atm 0.3-2.0 A novel chemical kinetic 


and gasoline surrogate 
(85-15 vol.%) [113] 


n-Butanol 100% [114] 


n-Butanol 100% [115] 


n-Butanol 100% [116] 


n-Butanol 100% [117] 


n-Butanol and n-heptane 
(20/80 and 50/50 in 
mol) [118] 


n-Butanol 100% [119] 


n-Butanol 100% [120] 


premixed flame 


1. JSR generated a full 
premixed flame 

2. Two identical flat-flame 
burners facing each other 
generated opposed-flow 
diffusion flame 

3. A cylindrical combustion 
chamber was used to 
measure the laminar flame 
speed 

A shock tube generated a 
full premixed flame 


A shock tube generated a 
full premixed flame 


A constant volume 
combustion chamber 
generated a premixed 
laminar flame 

JSR generated a full 
premixed flame 


A spherical closed 
pressurized combustion 
vessel generated a 
premixed laminar flame 
A counterflow burner 
generated a premixed 
laminar flame 


800-1250K for the 
JSR; 350K for the 
laminar flame 
speed 
measurement 


1200-1800 K 


1100-1800 K 


413-473 K 


530-1070 K 


373K 


343 K for the 
unburned mixture 
temperature 


1 atm for the JSR; 
0.89 atm for the 
laminar flame speed 
measurement 


1-4 bar 


1-10atm 


1-2.5 bar 


10atm 


10 bar 


latm 


0.25-2.0 for the JSR 
measurement 
0.8-1.2 for the 
laminar flame speed 
measurement 


0.25-1 


0.5-2 


0.8-1.6 


0.5-1 


0.8-1.3 


0.7-1.5 


mechanism (251 species, 1990 
reversible reactions) was 
derived using mechanisms for 
each pure component in the 
butanol-gasoline surrogate 
mixture, and it provides good 
agreement with the 
experimental data from gas 
chromatographs and on-line 
fourier transform infrared 
(FTIR) analysis 

An improved detailed chemical 
kinetic mechanism (118 
species, 878 reactions) based 
on Dagaut et al. [112] was 
proposed, and it provides good 
agreement with the 
experimental data from 
premixed and diffusion flame 


A detailed kinetic mechanism 
has been developed to describe 
the oxidation of the n-butanol 
and validated by comparison to 
the shock tube measurements 
A detailed chemical kinetic 
model was constructed and 
used to simulate the ignition 
delay data, with good 
agreement. And it provide 
good agreement with the 
experimental data from Dagaut 
et al. [112] 

No chemical kinetic model was 
proposed 


A kinetic modeling was 
performed using reaction 
mechanisms resulting from the 
merging of validated kinetic 
schemes for the oxidation of 
the components of the 
n-heptane and n-butanol 

A chemical kinetic mechanism 
of n-butanol from Dagaut et al. 
[112] was used to calculate 
laminar burning velocity 

Two recently developed 
detailed kinetics models for the 
oxidation of n-butanol were 
used for numerical simulations 
of laminar flame speeds 
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Fig. 7. Location of in-cylinder peak pressure, 10-90% MFB, and 50% MFB for n- 
butanol-gasoline blends [124]. 


which increase engine power output. Thus, the brake specific emis- 
sions were lower. Cycle fuel consumption (mass per unit time) of 
blends with higher alcohol content was 3-5% higher than neat gaso- 
line, however, the BSFC for the blends was 15-19% lower than the 
BSFC of neat gasoline. 

Szwaja and Naber [124] investigated the combustion character- 
istics of the n-butanol in a single cylinder CFR engine by changing 
the spark timing (from 18° to 4° BTDC), n-butanol volumes (from 
0% pure gasoline to 100% pure n-butanol, the pump octane number 
(PON) of the gasoline is 87), compression ratios (from 8 to 10), and 
loads (3.3 and 6.5 bar indicated mean effective pressure (IMEP)) at 
900 rpm, using stoichiometric ratio. Results indicated that the high- 
est peak pressure advanced with the increase of n-butanol ratio 
due to a faster combustion and the crank angle degree (CAD) of 
50% mass fraction burn (MFB) for n-butanol was approximately 2° 
earlier when compared to gasoline, as illustrated in Fig. 7. There- 
fore, the optimal spark timing (to obtain maximum brake torque 
(MBT)) for pure n-butanol-air stoichiometric mixture should be 
retarded. The behavior of neat n-butanol with respect to combus- 
tion knock is similar to that of PON 87 gasoline, which includes 
the sensitivity to spark timing and compression ratio. Through the 
experimental data, the authors demonstrated that n-butanol can 
directly substitute gasoline either as a neat fuel or as fuel blends 
from the perspectives of combustion, energy density, and similar 
thermo-physical properties. 


4.2.2. n-Butanol studies in some SI engines 

There have also been studies on applications of butanol in SI 
engines. Alasfour [125] investigated the effect of using 30% vol- 
ume butanol-gasoline blend on the first- and second-law efficiency 
in a single-cylinder SI engine at ọ ranging from 0.8 to 1.2. The 


engine second-law efficiency shows a reduction of 7% when using 
gasoline—-butanol blend compared to pure gasoline fuel at @=0.9. 
Dernotte et al. [126] evaluated the combustion and emissions char- 
acteristics of butanol gasoline blends in a port fuel injection, SI 
engine. The main results demonstrated that a 40% butanol/60% 
gasoline blend by volume minimized HC emissions and no signifi- 
cant change in NOx emissions were observed with the exception 
of the 80% butanol/20% gasoline blend. The addition of butanol 
improved combustion stability, as measured by the coefficient of 
variation (COV) of IMEP, and reduced ignition delay (0-10% MFB). 
The change of specific fuel consumption of B40 blend was within 
10% of that of pure gasoline for stoichiometric mixture. 

Wallner et al. [33] investigated the combustion, performance, 
and emissions of pure gasoline, 10% ethanol (E10) and 10% butanol 
(Bu10) blends in a direct-injection (DI) four-cylinder SI engine with 
220Nm of maximum torque. The engine was operated at speeds 
from 1000 to 4000 rpm with loads starting from 0 Nm (idle) up to 
150 Nm. Results showed that the burning velocity of the Bu10 was 
higher than those of both the E10 and gasoline. Combustion sta- 
bility did not vary significantly between the three fuels, and the 
COV of IMEP was less than 3% for the entire operating range. The 
Bu10 and neat gasoline are more prone to knock at high load com- 
pared with the E10. BSFC showed an increase of approximately 3.4% 
for Bu10 and 4.2% for E10 compared with gasoline, while the brake 
thermal efficiency was very similar between the three fuels. Specific 
CO and HC emissions did not show a significant difference between 
gasoline and the two fuel blends. The specific NOx emissions were 
the lowest for Bu10, which retarded spark timing at the high load 
conditions due to the low octane rating of pure butanol. Based 
on experimental results, they found that 10vol.% butanol can be 
substituted for ethanol with an improvement in fuel economy and 
no degradation in emission or combustion stability. Their further 
study [127] reported the regulated and non-regulated emissions 
from the combustion of gasoline, alcohol fuels and their blends in 
the same engine. Gasoline was used as a baseline fuel and com- 
pared to gasoline-ethanol blends at volumetric blending ratios of 
10% and 50%. n-Butanol and iso-butanol were tested at volumet- 
ric blend ratios of 16% and 83% which correspond to E10 and E50 
in terms of oxygen content. Results demonstrated that addition of 
alcohol to the fuel blend results in a consistent reduction in NO, 
emissions regardless of operating point. Both formaldehyde and 
acetaldehyde emissions increase with addition of butanol to the 
blend, whereas formaldehyde does not increase significantly with 
addition of ethanol, as illustrated in Fig. 8. Propene, 1,3-butadiene, 
and acetylene emissions, which are required for carbon growth 
processes leading to benzene, also increase only with addition of 
butanol, as illustrated in Fig. 8. Because benzene formation appears 
to be rate-limiting in soot formation, PM is expected to be signif- 
icantly higher in emissions from engines burning butanol blends 
as compared to blends of ethanol. Therefore, although butanol has 
many clear advantages over ethanol as a fuel to meet current and 
future emission regulations, burning this fuel at high blend ratios 
may result in an increased level of non-regulated emissions. 

Yang et al. [128] discussed the feasibility of fueling gasoline 
engines with butanol-gasoline blends, ranging from 10% to 35% 
butanol by volume. Test results showed the engine power can be 
maintained when the butanol concentration is below 20%. The 
maximum engine power drops and BSFC goes up slightly when 
the concentration of butanol approaches 30%, but those could be 
recovered by optimizing engine operational parameters. In all the 
cases investigated engine raw HC and CO emissions are significantly 
reduced but NO, emissions go up. 

Cairns et al. [129] evaluated the combustion and emissions of 
the gasoline, gasoline-ethanol, and gasoline-butanol blends in a 
turbocharged multi-cylinder DI-SI engine equipped with an exter- 
nal exhaust gas recirculation (EGR) circuit. Results indicated that 


C. Jin et al. / Renewable and Sustainable Energy Reviews 15 (2011) 4080-4106 4095 


600 


Typical standard deviation less than 14 mg/kWhr 


Formaldehyde emissions [mg/kWh] 


100 


Oxygen content [Weight-%] 


Œ , Ethanol blends; A ,n-Butanol blends; @, iso-Butanol blends; Solid lines for 1500 RPM 2.62 bar BMEP; Dotted lines 
for 1500 RPM 8 bar BMEP; Dashed lines for 2000 RPM 2 bar BMEP; Dashed dotted lines for 2000 RPM 6 bar BMEP; 
Long dashed lines for 3000 RPM 4 bar BMEP; Long dashed double-dotted lines for 3000 RPM 8 bar BMEP 


‘Typical standard deviation less than 0.01 g/kWhr 


Acetylene emissions [g/kWh] 


(o) 5 10 15 20 
Oxygen content [Weight-%] 


m , Ethanol blends; A ,n-Butanol blends; @, iso-Butanol blends; Solid lines for 1500 RPM 2.62 bar BMEP; Dotted lines 


for 1500 RPM 8 bar BMEP; Dashed dotted lines for 2000 RPM 6 bar BMEP; Long dashed lines for 3000 RPM 
4 bar BMEP; Long dashed double-dotted lines for 3000 RPM 8 bar BMEP 


Fig. 8. Formaldehyde and acetylene emissions as a function of operating point and 
oxygen content for ethanol, n-butanol and iso-butanol blends [127]. 


the 10% ethanol and 16% butanol fuels with the similar oxygen con- 
tent produced similar values of BSFC and similar MBT spark timings 
at the same conditions. In their further study [130], the effects of 
alcohol blends on combustion, fuel economy and emissions were 
conducted in a single cylinder engine equipped with a mechanical 
fully variable valvetrain on the inlet and variable valve timing on 
the exhaust. A number of blends of gasoline, iso-octane, ethanol 
and butanol were examined during port fuel injected early inlet 
valve closing operation, both with and without variable valve tim- 
ing. Under low valve overlap conditions, it was apparent that the 
inlet valve durations/lifts required for full unthrottled operation 
were remarkably similar for the wide range of blends studied. 
Williams et al. [131] evaluated the maximum achievable ther- 
mal efficiency of a SI engine using gasoline and a range of and 
advanced biofuels, including isomers of butanol. Engines used in 
this study included an Atkinson cycle 1.5L and prototype 1.8L 
lean boosted engine. This study was aim to establish practical and 
implementable routes to minimize well-to-wheels CO, emissions. 
Results indicated that thermal efficiency, combustion and emis- 
sions were not adversely affected as a result of adding butanol to 
gasoline. The use of fuels containing high octane bio-components 
coupled with future engine technologies, such as downsized lean- 
boosting, will lead to a reduction in engine CO emissions. Further 
CO2 savings can be achieved by increasing the H/C ratio of the fuel. 
Aleiferis et al. [132] reported the spray development and com- 
bustion of ethanol, butanol, iso-octane, and gasoline in a DI-SI 
optical engine at 1500 rpm, stoichiometric ratio, part load (0.5 bar 


intake pressure), with injection timing set early in the intake stroke 
to promote homogeneous mixture formation. The effects were 
investigated at engine coolant temperatures of 20 and 90°C. They 
found the spray developments of butanol were similar at both 20 
and 90°C but with small changes in spray plume geometries apart 
from wider plumes and increased effect of air entrainment into 
the spray plumes at 90°C, while the ethanol and gasoline sprays 
were seen to partially collapse and produce a spray ‘cloud’ with a 
footprint directly below the injector nozzle at 90°C, as illustrated 
in Fig. 9. The growth rates of butanol spray areas were the low- 
est among these four fuels. Butanol flame development was very 
similar to that of gasoline at both 20 and 90°C engine coolant 
temperatures, with a marginally faster main period of flame devel- 
opment relative to gasoline. 


4.2.3. Summary and future directions in SI engines 

Based on aforementioned reviews, it can be found that these 
researches have covered some different types of SI engines, such 
as CFR engine, optical engine, and some single- or multi-cylinder 
engines. Some of these engines are equipped with advanced 
technologies, i.e. turbocharger, fully variable valvetrain, direct- 
injection. All these studies have shown some similar results as 
follows: 


4.2.3.1. Combustion. The knocking tendency of n-butanol is sim- 
ilar to that of PON 87 gasoline, which includes the sensitivity to 
spark timing and compression ratio. Combustion durations for pure 
n-butanol and n-butanol blends are comparable to those for gaso- 
line. n-Butanol blends reduce the ignition delay (0-10% MFB) and 
advance the CAD of 50% MFB compared with the gasoline. To obtain 
the maximum break torque, the spark ignition timing should be 
retarded when using the butanol blends due to their faster com- 
bustion. Combustion stability does not vary significantly for the 
pure n-butanol or butanol blends as measured by the COV of IMEP. 


4.2.3.2. Performance. The engine power can be maintained without 
any necessary modifications to the engine when butanol content is 
below 20% by volume, while the maximum engine power drops as 
the blending ratio of butanol approaches 30% by volume. With the 
increase of n-butanol content in the blends, the specific fuel con- 
sumption will increase due to its lower energy density compared 
with the neat gasoline. However, there is only a little penalty for 
the BSFC when n-butanol content is below 20%, while the change 
in specific fuel consumption is within 10% of that of pure gasoline 
for stoichiometric mixture when n-butanol content goes up to 40% 
in the blend. n-Butanol blend has lower specific fuel consumption 
than the ethanol blend due to its higher heating value. 


4.2.3.3. Emissions. The CO, THC, and NOx emissions may be reduced 
or increased depending on the specific engine (i.e. port-injection or 
direct-injection), operating conditions (i.e. with or without closed- 
loop air-fuel ratio control, spark timing), and blending ratios. 
Butanol blends have a higher unburned alcohol emission rates than 
gasoline, and the unburned alcohol emission rates are higher for 
blends with higher content of n-butanol. Aldehyde emissions are 
higher for the n-butanol blends with formaldehyde as the main 
constituent, whereas formaldehyde does not increase significantly 
with addition of ethanol. Some compounds which are required for 
carbon growth processes leading to benzene, increase with the 
addition of butanol compared with the neat gasoline or ethanol 
blend. Because benzene is a precursor of soot, a higher soot emis- 
sion from the DI-SI engine burning butanol blends is expected. 
Based on aforementioned reviews, it can be found that the 
reports of the n-butanol are not as extensive as researches on 


4096 C. Jin et al. / Renewable and Sustainable Energy Reviews 15 (2011) 4080-4106 


3° CA ASO! 


oo | 


ý 


* 


R 


Fig. 9. Spray development: column 1 ethanol, column 2 butanol, column 3 iso-octane, column 4 gasoline, using SOI 80°CA ATDC under motoring conditions at 1500 rpm, 
90°C engine coolant temperature; each image is labeled by its crank angle timing following the start of injection, i.e.°CA after start of injection (ASOI) [132]. 


ethanol blends. Therefore, more studies of n-butanol are needed combustion is one of the potential technologies capable of help- 

in several aspects: ing meet more stringent emission regulations in the future, more 
researches should be conducted with CAI combustion fueling 
pure butanol or butanol blends. 

. The studies on the spray and combustion of the butanol using 
optical diagnostics are not extensive in optical engines, rapid 
compression machines, or some constant volume combustion 
chambers, while these optical diagnostics are very important to 
revealing the spray and combustion characteristics in more real 
gasoline engine conditions, and they are also important to the 
development of CFD models. 


1. More extensive studies should be conducted on the differ- 4 
ent engine types, i.e. engines with low or high mileage usage, 
because the characteristics of combustion, performance, and 
emissions in these used engines might be different from new 
or experimental engines. 

2. More research on emissions, including steady and transient mea- 
sures, CO2 emissions with well-to-wheel, and some regulated 
and non-regulated emissions should be carried out. This will pro- 
vide a deeper insight on the emission mechanisms and will lead 


to a more comprehensive understanding of the advantages and 4.3. A substitute for diesel fuel in compression ignition (CI) engine 
disadvantages of butanol as an alternative fuel. 

3. Few reports can be found regarding the combustion and Biodiesel, which has many similar properties like the diesel 
emissions of n-butanol blends tested with new combustion tech- fuel and can be blended with diesel in any proportion, has been 


nologies, such as the controlled autoignition (CAI). Since the CAI intensively studied and widely used in diesel engines. Meanwhile, 
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Table 9 
Properties of diesel, butanol, and biodiesel [16,134-137]. 
Diesel Biodiesel n-Butanol 

Molecular formula C12-C25 C12-C24 C4H90H 
Cetane number 40-55 47-52 25 
Oxygen content (% weight) - 10 21.6 
Density (g/mL) at 20°C 0.82-0.86 0.87 0.808 
Autoignition temperature (°C) 246 363 385 
Flash point (°C) at closed cup 65-88 166 35-37 
Low heating value (MJ/kg) 42.5 38.81 33.1 
Boiling point (°C) 180-370 262-359 117.7 
Stoichiometric ratio 14.3 12.5 11.21 
Latent heating (kJ/kg) at 25°C 270 200 582 
Viscosity (mm7?/s) at 40°C 1.9-4.1 4.0 2.63 


* For the diesel and biodiesel, only gives the carbon numbers. 


alcohols, mainly ethanol and to a much less extent methanol, 
have also been considered as alternative fuels for diesel engines 
[3,11,19,20,26]. However, there are some drawbacks when using 
ethanol-diesel or methanol-diesel blend in the diesel engines 
[133], i.e. increased risks of fire and explosion compared to diesel 
fuel or even to gasoline due to the vapor pressure and flammability 
limits of ethanol, decreased maximum power, increased incidence 
of fuel pump vapor lock, and reduced fuel pump and fuel injec- 
tor life due to decrease lubricity of ethanol. In addition, because 
phase separation between ethanol or methanol and diesel remains 
a problem, cosolvents are needed when using these alcohol-diesel 
blends. 

Butanol can be a future option for blending with diesel and can 
overcome some drawbacks of ethanol as reviewed in Section 2.2. 
Therefore, we only compare the properties of biodiesel and butanol 
in this section, which are listed in Table 9 [16,134-137]. Compared 
with biodiesel, butanol contains more oxygen content, which can 
reduce the soot emission further. The NO, emissions can also be 
reduced because its higher heat of evaporation results in a lower 
combustion temperature [32]. In addition, the viscosity of butanol 
is also more suitable for diesel engine than that of biodiesel. The 
drawback of n-butanol should be a lower cetane number compared 
with diesel or biodiesel fuels. However, a lower cetane number may 
be aneed in future diesel combustion to increase autoignition delay 
and form more premixed combustion, thereby reducing the soot 
emissions. 


4.3.1. n-Butanol-diesel blend properties 

Chotwichien et al. [138] investigated the stabilization of 
ethanol-diesel and butanol-diesel blends using the biodiesel 
as a cosolvent. At temperatures of 10-30°C, the miscibility 
of diesel-biodiesel-butanol was higher than the miscibility of 
diesel-biodiesel-ethanol, and the use of butanol in diesohol could 
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solve the problem with phase separation because of more solubility 
in the diesel fuel. Further, the blends of diesohol containing butanol 
have closer properties to diesel than the blends of diesohol contain- 
ing ethanol. The blend of 85% diesel, 10% palm oil ethyl ester, and 
5% butanol was the most suitable, as it provided a stable mixture 
and acceptable fuel properties for use as an alternative fuel in diesel 
engines. 

Another study on the butanol-diesel blends properties was car- 
ried out by Zoldy et al. [139]. To check the application properties 
of butanol-diesel mixtures, more than 20 chemical and physical 
parameters of blends were tested including flash point, cetane 
number, viscosity and cold filter plugging point. The effects of 
butanol blending were also tested on power, fuel consumption and 
injector cleanness. Results demonstrated that low butanol blends 
(up to 5vol.% content) appear to be a good alternative for com- 
pression ignition engine utilization: they hold the cetane number 
limits without extra cetane booster additive; they allow nearly the 
same fuel consumption level along with a considerable increase 
in injector cleanness. 10 vol.% butanol has the app. 2% higher fuel 
consumption as measured in engine dynamometer and calculated 
from theoretical heating value. This 2% is in the same range as the 
approximately 1.8% increase in fuel consumption increase observed 
in 10 vol.% biodiesel blend. 


4.3.2. n-Butanol studies in some CI engines 

Investigation of n-butanol usage as the CI engine fuel has been 
conducted by several research groups. Yao et al. [140] investi- 
gated the influence of n-butanol-diesel blend on the performance 
and emissions of a heavy-duty direct-injection diesel engine with 
multi-injection and various EGR ratios. At specific engine speed 
(1849 rpm) and load (11.6 bar break mean effective pressure), EGR 
rates were adjusted through a variable nozzle turbocharger to keep 
NO, emission at 2.0 g/kWh. Diesel fuels with different contents 
(0%, 5%, 10% and 15% by volume) of n-butanol were used. Results 
demonstrated that the in-cylinder pressures do not show much 
difference for various blends, whereas higher n-butanol fraction in 
the blend results in higher premixed combustion heat release. The 
soot and CO emissions can be improved by the n-butanol addition 
without a serious impact on the break specific fuel consumption. 
The impacts of pilot and post injection on engine characteristics by 
using blended fuels are similar to that found by using pure diesel. 
As shown in Fig. 10, early pilot injection reduces soot emission, but 
results in a dramatic increase of CO, while post injection reduces 
soot and CO emissions effectively. Under each injection strategy, 
the increase of fuel n-butanol content leads to further reduction of 
soot. A triple-injection strategy with the highest n-butanol frac- 
tion (15% vol.) offers the lowest soot emission. In addition, Yao 
et al. [141] also studied the effect of EGR ratio on the performance 
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Fig. 10. Comparison of soot and CO emissions between various fuels and injection strategies [140]. 
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Fig. 11. Effects of butanol blend ratios on NOx, Soot, CO, and THC emissions and indicated specific fuel consumption (Engine operating conditions: Speed: 1400 rpm, 
Compression ratio: 16, Boost: 1.5 bar, Start of injection: —10° ATDC, Injection mass: 50 mg/cyc, Injection pressure: 1600 bar) [141]. 


and emissions in a heavy-duty common-rail diesel engine using 
n-butanol and diesel blends at volumetric blending ratios of 10% 
(B10) and 20% (B20). It was found that butanol-diesel blend can 
reduce the soot emission dramatically during the medium EGR 
range (~40-54% EGR ratio) and have the potential to decrease NOx 
emissions due to allowing higher EGR rates without increasing soot 
emissions. In addition, n-butanol addition reduced the CO emission, 
and had little effect on THC emissions. The 10% butanol blend had 
little effect on the indicated specific fuel consumption (ISFC), while 
the 20% butanol blend increased the fuel consumption about 2% at 
the EGR ratio below 50%. Therefore, n-butanol additive can endure 
a higher EGR ratio without the penalty of HC, CO, soot emissions, 
and ISFC, as illustrated in Fig. 11. 


Rakopoulos et al. [32] investigated the effects of using blends 
of n-butanol and diesel fuel with 8%, 16% and 24% (by volume) 
n-butanol, on the performance and exhaust emissions of a high 
speed diesel engine. The tests are conducted at a speed of 2000 rpm 
and three different loads of 1.4, 2.57, 5.37 bar BEMP (break effec- 
tive mean pressure). Experimental data demonstrated the soot was 
significantly reduced with the use of the butanol-diesel blends, 
and the blends had a larger reduction for soot under high load, as 
shown in Fig. 12. Similar trends were also illustrated in their further 
research [142] in a heavy-duty diesel engine and the report of Liu 
et al. [143] in a constant volume chamber. These studies have indi- 
cated the fuel-bound oxygen has a dominant influence in locally 
rich zones. Compared with the neat diesel fuel, the NO, and CO 
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Fig. 12. Emitted soot density at the three loads using the neat diesel fuel and the 
8%, 16% and 24% butanol blends [29]. 


emissions were reduced, while the HC emissions were increased 
with the use of the butanol-diesel blends. Increasing the butanol 
blending ratio leads to a little higher specific fuel consumption, 
while the thermal efficiency increases slightly and exhaust gas tem- 
peratures reduce a little compared with the neat diesel fuel. The 
higher thermal efficiency can be attributed to the larger portion 
of premixed combustion and to the lower heat losses. The ignition 
delay of the butanol blend is higher than that of the neat diesel 
fuel, therefore its premixed combustion peak is much higher and 
‘sharper’ as illustrated in Fig. 13, leading to a higher percentage of 
‘constant volume’ combustion. The lower heat losses are attributed 
to the lower in-cylinder temperature because of a higher latent 
heating value for butanol blends. Based on the experimental results, 
the Rakopoulos et al. [29,142] research on the light- and heavy-duty 
diesel engine showed that n-butanol can be used safely and advan- 
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Fig. 13. Gross heat release rate for the neat diesel fuel and the 16% n-butanol blend 
at 1200rpm [142]. 
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Fig. 14. The liquid penetration length at various ambient temperatures and oxygen 
concentrations [146]. 


tageously up to high blending ratios (24% vol.) with the diesel fuel 
in CI engine. 

Miers etal. [144] investigated the engine performance and emis- 
sions in a 1999 Mercedes Benz C220 turbo diesel vehicle (Euro III 
compliant) fuelling 20% and 40% by volume blends of butanol with 
diesel fuel. The results showed that for the urban drive cycle, both 
THC and CO emissions increased as larger quantities of butanol 
were added to the diesel fuel. NOx were not significantly affected by 
the 20% butanol blend and decreased with the 40% butanol blend. 
Drivability (cold- or hot-start) of the vehicle decreased noticeably 
for the 40% butanol blend, especially for the cold-start urban drive 
cycle. Fuel consumption increased as the blend ratio of butanol 
increased, due to the lower energy density of butanol compared 
to diesel. For the highway drive cycle, HC and CO emissions were 
not significantly impacted but NO, showed a slight increase as 
the butanol blend ratio increased. For the steady-state tests, a 
reduction in filter smoke number with increasing butanol quan- 
tity was observed, and an 80% reduction in filter smoke number 
was observed for the 40% butanol blend. 

In addition, n-butanol is also used in CI engines with some 
new combustion technologies, i.e. HCCI or LTC. These new com- 
bustion technologies are the important potential methods to meet 
the future stringent emission regulations, and the detailed intro- 
duction of these combustion technologies have been reviewed by 
Yao et al. [145]. 

Liu and Lee [146] investigated the spray and combustion char- 
acteristics of pure n-butanol fuel in a constant volume combustion 
chamber to simulate the diesel engine condition. The ambient 
temperatures were set to 800, 1000, and 1200K and the oxygen 
concentrations were set to 21%, 16%, and 10.5%. All these ambient 
conditions cover the low temperature combustion and conven- 
tional diesel combustion. Results indicated the spray penetration 
length reduced with the increase of ambient temperature and oxy- 
gen concentration, but the oxygen concentration had little effect 
on the penetration length at high ambient temperature of 1200K, 
as shown in Fig. 14. The autoignition delay became longer with 
decreasing of oxygen concentrations. However, the oxygen con- 
centration had negligible effect on the autoignition timing when it 
is between 16% and 10.5% at 800-1200 K because a fast evaporation 
property of n-buatnol ensured the enough combustible mixture at 
10.5% oxygen concentration. The flame volume increased as the 
oxygen concentration decreased. Higher total soot mass and larger 
soot volume was observable at lower oxygen concentration, as 
shown in Fig. 15 at 1200K ambient temperature. However, the 
soot distribution was not measured at 800 K ambient temperature 
because a lower ambient temperature resulted in a lower flame 
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Fig. 15. Natural flame luminosity and soot emission images at 1200 K ambient temperature [146]. 


temperature and more premixed combustion, inhibiting the soot 
generation. The total soot emissions at 10.5% oxygen concentration 
were sensitive to the ambient temperature, and the total soot mass 
increased dramatically at 1200 K ambient temperature. Therefore, 
a lower oxygen concentration usually encountered under heavy 
EGR conditions will increase the difficulty of combustion and soot 
emissions control even fueling a high oxygenated fuel. 


Zhang and Boehman [147] investigated the oxidation of n- 
butanol and a mixture of n-heptane and n-butanol (containing 
60 mol.% of n-heptane and 40 mol.% of n-butanol) in a modified 
CFR engine at an equivalence ratio of 0.25 and an intake tem- 
perature of 120°C. The engine compression ratio was gradually 
increased from the lowest point to the point where signifi- 
cant high temperature heat release was observed. Heat release 
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analysis showed that no noticeable low temperature heat release 
(LTHR) behavior was observed from the oxidation of neat n-butanol 
while the n-heptane/n-butanol mixture exhibited pronounced cool 
flame behavior. The investigation on the oxidation of the mixture of 
n-heptane/n-butanol showed that the oxidation of n-butanol was 
facilitated at low temperatures through the radical pool generated 
from the oxidation of n-heptane. 

Saisirirat et al. [148] investigated diesel-HCCI combustion for 
blended alcohols in diesel-like fuel (n-heptane). Ethanol and n- 
butanol were blended with n-heptane by varying mole percentage 
from 0, 18, 37 to 57 and varying dilutions with simulated EGR from 
0%, 20% to 40%. The engine speed, intake temperature and equiva- 
lence ratio were set at 1500rpm, 80°C, and 0.3 respectively. The 
impacts of alcohols were compared with the primary reference 
fuels by blending n-heptane with iso-octane at the same molar per- 
centage. The results showed that increasing of ethanol, n-butanol 
or iso-octane fractions reduce the percentage of LTHR combus- 
tion and increase the IMEP moderately. Moreover, the addition of 
both alcohols in n-heptane has more impact on delaying the heat 
release rate than that of iso-octane when the blended RON, MON 
and CN are considered. The similar HCCI combustion were stud- 
ied by Weiskirch et al. [149] with the neat diesel fuel, volumetric 
blends of 15%, 30% n-butanol and 85%, 70% diesel, and blends of 
7.5% biodiesel, 7.5% ethanol, and 85% diesel. Results demonstrated 
that the conventional combustion mode is not affected by these 
blends, except for some advantages of up to 60% reduction in PM- 
emissions at low air-fuel ratios with the 30% butanol blend. For 
the HCCI combustion system, butanol blends improve net calorific 
value corrected fuel consumption as well as emissions of soot and 
NOx, but take a penalty of HC and CO emissions compared to the 
diesel and ethanol-biodiesel-diesel blend fuel. 

In addition, there are several studies on the blends of butanol 
and biodiesel or the blends of butanol, biodiesel, and diesel 
[143,146,150-152]. The best benefit of these blends is that the dis- 
advantage of higher viscosity for the biodiesel and the lower cetane 
number for the n-butanol can be offset and more similar properties 
of diesel can be obtained. 


4.3.3. Summary and future directions in CI engine 

Based on aforementioned reviews, it can be found that these 
researches cover some various types of CI engines or similar condi- 
tions as CI engines, from the light-duty to the heavy-duty engines, 
from the CFR engine to the high-pressure constant volume cham- 
ber. In addition, some advanced combustion technologies, i.e. HCCI, 
LTC are also investigated by using the neat n-butanol or n-butanol 
blends. All these studies reveal some common characteristics: 


4.3.3.1. Fuel properties. In comparison to diesohol containing 
ethanol, the use of butanol in diesohol can solve the problem of 
phase separation because of more miscibility in the diesel fuel. 
Further, the blends of diesohol containing butanol have properties 
close to diesel. A low butanol blends (up to 5 vol.% butanol content) 
appear to be a good alternative for compression ignition engine uti- 
lization without cetane booster additive, and they also allow nearly 
the same fuel consumption level along with a considerable increase 
in injector cleanness. 


4.3.3.2. Combustion. Compared with the neat diesel fuel, the 
autoignition is slightly retarded and the premixed combustion peak 
is higher for the butanol-diesel blends with a low butanol content 
(<20 vol.%), but there is no appreciable difference in the maximum 
pressure. In addition, there is no noticeable LTHR behavior from the 
oxidation of neat n-butanol for the HCCI or LTC combustion pro- 
cess. The autoignition delay of the neat n-butanol becomes longer 
with the decrease of oxygen concentrations, however, the oxy- 
gen concentration has negligible effect on the autoignition delay 


ranging from 16% to 10.5% at the ambient temperature spanning 
800-1200K. 


4.3.3.3. Performance. With increasing percentage of butanol in the 
blends, an increase in BSFC (~2%) is observed, slightly higher 
brake thermal efficiency (1-2%) is obtained and lower exhaust 
temperatures are reached when compared to neat diesel fuel. 
The impacts of pilot and post injection on engine characteris- 
tics by using blended fuels are similar to that found by using 
pure diesel. But these performance characteristics are measured 
at a low volumetric blend ratio (<24%). Drivability (cold- or hot- 
start) of the vehicle decreases noticeably for the 40% butanol 
blend, especially for the cold-start urban drive cycle. 


4.3.3.4, Emissions. The soot is significantly reduced with using the 
butanol-diesel blends especially at higher load, indicating fuel- 
bound oxygen has a dominant influence in locally rich zones. 
Further, there is a larger soot reduction under higher butanol blend 
ratio. The NOx emissions are slightly reduced or increased with the 
use of the butanol-diesel blends compared with the neat diesel 
fuel, when the butanol blend ratio is below 40%. This is a com- 
petitive result between the lower combustion temperature due to 
butanol’s lower heating value and its higher heat of evaporation and 
the opposing effect of the lower cetane number, and thus longer 
ignition delay, leading possibly to higher temperatures during the 
premixed part of combustion. Further, the n-butanol has the fur- 
ther potential to decrease NOx emissions because the blend fuel 
allows higher EGR rates without increasing soot emissions. The CO 
emissions were reduced, but the HC emissions were not affected 
or slightly increased compared with the neat diesel fuel at a low 
volumetric blend ratio (<24%). However, the HC and CO emissions 
increase at the urban drive cycle while they are not significantly 
impacted at the highway drive cycle at the 40% butanol blend. 

Based on these reviews, it can be found that the studies of the n- 
butanol are limited in diesel engines compared with the abundant 
research in biodiesel or biodiesel blends. Therefore, more studies 
on n-butanol are needed in several aspects as following: 


1. For the blend fuel properties, some low temperature blend prop- 
erties need to be studied, i.e. the stability of the butanol—diesel 
fuels at lower ambient temperatures (—10, —35°C). And some 
blend properties of ethanol-butanol-diesel may have the poten- 
tial to improve the miscibility of ethanol-diesel. 

2. Although the studies have shown that a 5% butanol blend is most 
suitable for the diesel engine, a higher butanol ratio in the blend 
fuels should be studied from the viewpoints of fuel properties, 
combustion, performance, emissions, and dependability. 

3. There is no report available for the non-regulated emissions of 
the butanol-diesel fuel, therefore the relevant studies should be 
enhanced. 

4. The control strategies of diesel engines are complicate, i.e. the 
multiple injection, injection pressure and timing, higher boost, 
higher EGR ratio, EGR cooling, miller cycle through variable valve 
timing, etc. All these sophisticated control strategies need to be 
improved and optimized for the butanol-diesel blends to realize 
a much higher efficient and cleaner combustion. 

5. The new combustion model, HCCI or LTC is one of the main tech- 
nologies to meet the more stringent emission regulations in the 
future, therefore more researches are needed on butanol-diesel 
blends in HCCI or LTC engines. 

6. Like in the SI engine, there is few study on the spray and com- 
bustion of the butanol using optical diagnostics, although the 
Liu et al. [153] has shown the results in the chamber using high 
speed camera and copper vapor laser. However, more optical 
diagnostics, such as laser introduced fluorescence, laser intro- 
duced incandescence, etc. are needed in some more real 
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diesel engine conditions, i.e. optical engine, rapid compression 
machine. And these studies are very important to reveal the 
spray and combustion characteristics in CI engines, and they are 
also important to the development of CFD models. 


5. Conclusions and future research directions 
5.1. Summary and conclusions 


In this review, the properties of butanol are compared with 
those of conventional gasoline and diesel fuel and some widely used 
biofuels, i.e. methanol, ethanol, biodiesel, which indicates that n- 
butanol has the potential to overcome the drawbacks brought by 
low-carbon alcohols in several aspects. The main advantages of n- 
butanol include higher heating value, lower volatility, less ignition 
problems, good intersolubility with diesel without any cosolvents, 
more suitable viscosity as a substitute to diesel fuel, a safer fuel 
to use in high temperatures, easier distribution through existing 
pipelines, and a longer term benefit for hydrogen. Further, biobu- 
tanol also has a number of synergies with bioethanol: production 
from the same agricultural feedstocks as ethanol, minor changes 
in fermentation and distillation process as ethanol, facilitating 
ethanol blending by using the ethanol-gasoline-butanol blends, 
and assisting in the conversion of vegetable oils into biodiesel like 
the ethanol. Although the n-butanol has more benefits than the 
low-carbon alcohols as an engine fuel, there are still some poten- 
tial problems with the direct use of butanol fuel in the engine, i.e. 
increasing the fuel-flow due to a lower heating value compared 
with the gasoline or diesel fuel, incompatible with some fuel system 
components, a lower octane number than the low-carbon alcohols 
inhibits the use of higher compression ratio and higher efficiency, 
and giving a potential aggradation or corrosiveness problem as a 
substitute for gasoline due to a higher viscosity. 

Compared to the biodiesel, the butanol contains more oxygen 
content, which can reduce the soot emission further, and the NO, 
emissions can also be reduced due to its higher heat of evapora- 
tion results in a lower combustion temperature. In addition, the 
viscosity of the butanol is also more suitable for diesel engine. The 
drawback of n-butanol should be a lower cetane number compared 
with diesel or biodiesel fuels. However, a lower cetane number may 
be a need for the diesel fuel in the future to increase autoignition 
delay and form more premixed combustion, which serves to reduce 
the soot emissions. 

Then, the development of n-butanol production is reviewed, and 
various methods to increasing butanol production are introduced 
in detailed. Clostridia can secrete numerous enzymes that facil- 
itate the breakdown of polymetic carbohydrates into monomers 
for biobutanol production. In a typical ABE fermentation with C. 
acetobutylicum, it can be characterized by two distinct phases aci- 
dogenesis and solventogenesis. Genetic modification is a viable 
method to improve the solvent production and butanol produc- 
tion ratio. The key enzymes and their genes acting on the butanol 
synthetic pathway in C. aectobutylcum are discussed in this review. 

Compared to the strain development, the development of fer- 
mentation processes has been explored extensively. The major 
limiting factors associated with ABE fermentation include product 
toxicity to the producing bacterium, substrate to product con- 
version efficiency, the ability to utilize an inexpensive cellulosic 
biomass as a substrate, and the potential for culture degeneration. 
Productivity in batch reactors is often low due to downtime, long 
lag phase, and product inhibition. This problem can be eliminated 
using fed-batch techniques or continuous culture with the appli- 
cation of novel product removal techniques. Product recovery was 
traditionally performed by distillation. Since butanol has a higher 
boiling point than water, this procedure uses up a lot of energy and 


is the reforevery cost-intensive, especially at low butanol concen- 
trations. Other means of recovery i.e. gas stripping, liquid-liquid 
extraction, and membrane-based processes such as perstraction, 
reverse osmosis, and pervaporation are also reviewed in Section 3. 

In addition, one of the most critical factor not only for butanol 
production but also for whole bioindustry in securing low price 
substrates for the processes. To compete with the conventional fos- 
sil resource-based chemical industry, the biotechnology industry 
needs a reliable, cost-effective raw materials infrastructure. Differ- 
ent substracts such as starch-based packaging materials, corn fiber 
hydrolysate, soy molasses, fruit processing industry waste, and 
whey permeate were investigated for butanol fermentation. The 
total solvents produced from these alternative renewable resources 
ranged from 14.8 to 30.1 g/L. There is no doubt that lignocellu- 
lose is potentially the best substrate for butanol production, and 
more efficient bioconversion of cellulose and hemicellulose is cru- 
cial to economic success of the industrial production of butanol. 
The hydrolysates corn fiber substrate had already been used in the 
past for biotechnological solvent production in the former Soviet 
Union. 

Next, applications of butanol as a biofuel are summarized from 
fundamental combustion experiments in some reactors to the 
substitute for gasoline or diesel fuel in engines. For fundamental 
combustion experiments, the premixed and non-premixed flames 
are studied in a wide temperature range from 530 to 1800K, cov- 
ering low temperature oxidation and high-temperature oxidation, 
with the ambient pressures spanning 1-10atm and the fuel-air 
equivalence ratios ranging from 0.25 to 2.0. These studies reveal 
the intermediate species of the butanol in premixed or diffused 
flames, and also validate the novel chemical kinetics mechanism of 
the butanol that suggests H-abstraction is the major pathway for 
n-butanol consumption. The maximum laminar flame velocity of 
the butanol is approx. 47 cm/s at @=1.1, which is higher than that 
of gasoline, approx. 35 cm/s [154]. The result is consistent with the 
combustion in the SI engines, in which the butanol has a faster com- 
bustion than the gasoline. Although the combustion in SI engines is 
controlled by the laminar and the turbulent flame speed, the turbu- 
lent flame is modeled as a function of the square root of the laminar 
flame speed meaning that the turbulent flame speed is also faster 
for the butanol. 

In SI engines, studies of the neat n-butanol or n-butanol blends 
reveal some common characteristics. n-Butanol is similar to PON 
87 gasoline in terms of combustion knock characteristics. n-Butanol 
blends reduce the ignition delay and advance the CAD of 50% MFB 
compared with the neat gasoline, demonstrating a faster com- 
bustion. Therefore, the spark ignition timing should be retarded 
to obtain maximum break torque when gasoline is replaced by 
n-butanol. Combustion stability does not vary significantly or 
slightly improves for n-butanol blends as measured by the COV 
of IMEP. As the n-butanol concentration is below 20%, there is only 
a little or no penalty for the specific fuel consumption depending 
on different combustion control strategies in various SI engines, 
while the change in specific fuel consumption is within 10% of that 
of pure gasoline for stoichiometric mixture when n-butanol is up 
to 40 vol.%. The CO, THC, and NO, emissions may be reduced or 
increased depending on the specific engine (i.e. port-injection or 
direct-injection), operating conditions (i.e. with or without closed- 
loop air-fuel ratio control, spark timing), and blending ratios. 
Butanol blends have a higher unburned alcohol emission rates 
than gasoline and the unburned alcohol emission rates are higher 
for blends with higher n-butanol content. Aldehyde emissions are 
higher for the n-butanol blends with formaldehyde as the main 
constituent, whereas formaldehyde does not increase significantly 
with addition of ethanol. 

In CI engines, studies of the neat n-butanol or n-butanol blends 
reveal some common characteristics. The use of butanol can solve 
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the problem of phase separation because of more miscibility in the 
diesel fuel compared with the ethanol. At low volumetric blending 
ratio (<24%), the autoignition of butanol-diesel fuel is retarded a lit- 
tle and its premixed combustion peak is higher compared to neat 
diesel fuel. In addition, there is no noticeable LTHR behavior from 
the oxidation of neat n-butanol for the HCCI combustion process. 
As the blend ratio of butanol is below 24%, a little higher specific 
fuel consumption (~2%) was observed due to a lower heating value 
compared with neat diesel fuel, whereas the brake thermal effi- 
ciency increases a little (1-2%). However, as the blending ratio is 
up to 40%, drivability of the vehicle decreased noticeably due to 
the lower cetane number, especially for the cold-start urban drive 
cycle. Soot is significantly reduced when using the butanol-diesel 
blends especially at higher load, indicating that fuel-bound oxy- 
gen has a dominant influence in locally rich zones. Further, there is 
further soot reduction under higher butanol blending ratio. As the 
butanol blending ratio is below 40%, the NO, emissions are slightly 
reduced or increased compared with the neat diesel fuel. This is 
a competitive result between the lower combustion temperature 
due to butanol’s lower heating value and its higher heat of evapora- 
tion and the opposing effect of the lower cetane number, and thus 
longer ignition delay, leading possibly to higher temperatures dur- 
ing the premixed part of combustion. However, n-butanol has the 
potential to decrease NOx emissions further with a higher EGR rate 
because the blend fuel allows higher EGR rates without increasing 
soot emissions. The CO emission is reduced, but the HC emission 
is no affected or increased a little compared with neat diesel fuel 
at lower butanol blend ratio (<24 vol.%). As the butanol blend ratio 
goes up to 40%, the HC and CO emissions increase at the urban 
drive cycle while they are not significantly impacted at the highway 
drive cycle. As a result, the HC and CO emissions are also depend- 
ing on the specific engine, operating conditions, and blending 
ratios. 

Finally, based on all these reports, it can be concluded that the n- 
butanol can be used safely and advantageously up to a specific blend 
ratio with the gasoline or diesel fuel in engines from the viewpoints 
of similar thermo-physical properties, combustion characteristics, 
engine performance, and exhaust emissions. 


5.2. Future research directions 


Although butanol is a better alternative biofuel for the gasoline 
or diesel engines, applications of butanol are dependent on its pro- 
duction and price. Therefore increasing the production of butanol 
is much more important in the future. First, it is likely to become 
a competitive process by systems-level metabolic engineering 
of strains based on the recent availability of complete genome 
sequences and new metabolic engineering tools for clostridia. Sec- 
ond, the optimized bioprocess for butanol production could be 
developed by integrating fermentation and downstream processes 
compare with strain development. Third, C. acetobutylicum can not 
uptake non-food biomass like cellulose and hemicelluloses effec- 
tively, although it contains an apparently complete cellulosome. 
Scientists’ efforts are searching for the genetic mechanism involved 
in controlling related enzymes in charge of degrading polysaccha- 
rides. Instead of studying C. acetobutylicum, S. cerevisiae, E. coli and 
algae are also regarded as effective biobutanol production systems 
by the scientists. A new biobutanol industry has begun to emerge 
with all above research progress. 

For the fundamental combustion of n-butanol, there is a need 
for experimental data to validate conceptual models at a higher 
equivalence ratio (above 3) and a higher ambient pressure (approx. 
40 bar) conditions because these conditions might occur in a diesel 
engine. In addition, there is also a need for more experimental 
studies and chemical kinetic models of the blends of butanol and 
diesel. Finally, researches on the spray and combustion of n-butanol 


blends are needed in optical engines, rapid compression machine, 
constant volume chamber, etc., to reveal amore real spray and com- 
bustion processes in gasoline or diesel engines. And these optical 
diagnostic experiments are also important to the development of 
numerical simulation fueling butanol blends. 

For the butanol’s applications in SI or CI engines, studies are 
not as extensive as the case of ethanol or biodiesel. Therefore, 
more studies of n-butanol are needed in several aspects. First, 
more extensive studies should be conducted in various engine 
types, i.e. used engines or new engines, four-stroke or two-stroke 
engines, port-injection or direct-injection SI engines, common-rail, 
unit injector, or unit pump Cl engines. Second, the control strategies 
of modern engines are more sophisticated because many advanced 
technologies are used to reduce emissions and to increase efficien- 
cies, i.e. gasoline direct-injection, multiple injections, boost, EGR 
and its cooling, variable valve timing and lift, etc. Therefore, it 
is necessary to understand the behavior of n-butanol in modern 
engines and to extract maximum benefits from n-butanol through 
optimized engine design and calibration. Third, more research on 
emissions should be carried out, including steady and transient 
measures, regulated and non-regulated emissions, well-to-wheel 
CO2 emissions. Further, the reports of trends in THC, CO and NOx 
emissions are not consistent, depending on the specific engine, 
operating conditions, and blending ratios. As a result, studies of 
the emission mechanisms are needed to reveal the reason why 
these emissions increase or decrease. Advanced laser diagnostics, 
i.e. laser introduced fluorescence, laser introduced incandescence, 
etc. can help to investigate the formation of air-fuel mixture and 
harmful emissions. These studies will give a more detailed insight 
on the advantages and disadvantages of butanol blend. Fourth, only 
few reports can be found for n-butanol or its blends in engines 
equipped with new combustion techonology, i.e. CAI, HCCI, or LTC. 
However, these new combustion technologies have the potential 
to help meet the more stringent emission regulations in the future. 
Therefore, more researches are needed on butanol or its blends 
using these new combustion technologies. Last but not least, prop- 
erties of butanol blends need to be studied, i.e. what water content 
can be tolerated by the butanol-gasoline blend, whether or not the 
butanol can improve the miscibility of ethanol-diesel blend like 
biodiesel. 
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